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Abstract
This thesis describes studies on the interactions of anions with [2]pseudorotaxanes and 
[2]rotaxanes comprised o f 24-membered crown ether wheels and bis(pyridinium)ethane 
axles which incorporate an amide anion receptor.
Eight nicotinamide-based threads containing a bis(pyridinium)ethane recognition motif 
were synthesized. Their ability to form [2]pseudorotaxane complexes with 24-membered 
crown ethers was determined by 'H  NMR spectroscopy. The effect o f anion binding on 
the stability o f the [2]pseudorotaxanes was investigated using *H NMR titrations.
Nine [2]rotaxanes were synthesized from the combination of three threads and three 
crown ethers -  dibenzo-, dinaphtho-, and naphtho-24-crown-8. The selectivity o f the 
amide receptor towards small inorganic anions -  halides and dihydrogenphosphate -  
were determined by titrations with a rotaxane from the dibenzo class. The anion binding 
ability of each rotaxane was then tested by titrations with chloride, bromide, and iodide.
The steric impact of anion binding on the rotaxane structure was estimated from X-ray 
crystallography and *H NMR titration spectra by comparing the chemical shifts. 
Comparisons between rotaxanes within a certain crown class -  dibenzo-, dinaphtho-, or 
naphtho-, are presented in Chapter3, Chapter 4 and Chapter 5 respectively. Comparisons 
among rotaxanes o f a certain thread and various crown ethers are presented in Chapter 6 . 
A [2]rotaxane with 24-crown-8 ether was synthesized from one of the threads, and its 
titration shift data used as a baseline. The studies did not provide conclusive evidence of 
wheel transformation from an “S” shape to a “C” shape in the symmetrical rotaxanes.
iv
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Quantitative chemical shift comparisons indicated an alteration in the isomer ratio in 
naphtho[2 ]rotaxanes, induced by anion binding.
Synthetic attempts towards transforming the [2]rotaxanes into molecular shuttles are 
described in Chapter 7. Synthetic strategies for future work are outlined.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Supramolecular chemistry is emerging as a new branch of science, stemming from the 
fields o f chemistry, biochemistry, physics, and material sciences. Defined by Jean-Marie 
Lehn1 as “the chemistry beyond the molecule”, its focus and tools are the non-covalent 
intermolecular interactions, which orient and position separate molecular or ionic 
components into highly ordered structures. The study and utilization o f these interactions 
has led to the appearance o f a whole variety of new terms and definitions for the 
processes they are manifested in, such as host-guest chemistry; molecular recognition; 
self-assembly; template synthesis; crystal engineering, and so on. The foundations for 
their origin have been laid down in the pioneering works on molecular recognition of 
Pedersen2, Cram3, and Lehn4, for which they were awarded the Nobel Prize in Chemistry 
in 1987. Since then, the vigorous pursuit o f the outlined concepts has produced an 
outstanding number o f supramolecular structures, and new classes have been introduced 
to generalize them, such as inclusion complexes, interpenetrated and interlocked 
structures.
The fundamental forces triggering the association of molecules into supramolecular 
architectures are much weaker than the covalent bonds (typically 200-400 kJ/mol for the 
latter). Figure 1-1 depicts some of the strongest types o f interactions utilized, along with 
their approximate energies5. Ion-dipole interactions are the result o f electrostatic 
attraction between, for example, a cation and the lone pairs of heteroatoms. They are the 
driving force for the solvation o f ions by polar molecules. Some coordinative bonds fall
1
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within that category as well. Hydrogen bonding, being relatively strong and highly 
directional, is a key component in the design of sophisticated supramolecular assemblies, 
many of which mimic the shapes and functions o f Nature’s supramolecular masterpieces 
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Figure 1-1 Most important types o f supramolecular interactions
The co-planar alignment o f aromatic rings, also known as 7t-stacking, is often regarded as 
a weak electrostatic attraction between the negatively charged rc-electron cloud o f one 
ring and the positive a-framework of another5. Half length displacement of the two rings 
ensures best alignment of their magnetic fields. Much less common, and weaker as well, 
is the orientation o f two rings edge-to-face, which can be viewed as a form of hydrogen 
bonding between the slightly electron deficient H-atoms and the 7i-electrons o f the 
adjacent ring.
Cation-7i interactions describe the electrostatic attraction between positively charged
2
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species and the rr-orbitals o f olefinic or aromatic hydrocarbons.
The strength of the non-covalent interactions depends significantly on their environment, 
which leads to a wide range o f energies. Some authors consider the typical energies to be 
ca. 4-40 kJ/mol for electrostatic interactions; ca. 1-80 kJ/mol for hydrogen bonding; and 
< 4 kJ/mol for ion-induced dipole, dipole-dipole interactions, and hydrophobic effects6.
1.2 Interpenetrated and Interlocked Compounds
Interpenetrated compounds are a class o f inclusion complexes, in which the guest 
component has a well-defined linear shape with respect to the macrocyclic host that 
allows it to extend one or both of its ends outside the “cavity” o f the macrocycle while 
been complexed. Such complexes are regarded as pseudorotaxanes7. Access to the ends 
o f the guest species enables their chemical manipulation, by means of which the
decomplexation can be prevented thus converting the interpenetrated complexes into
8  10 11 12interlocked compounds ' , namely rotaxanes and catenanes .
1.2.1 Pseudorotaxanes
Pseudorotaxanes are host-guest complexes comprised of at least two components, as 
illustrated in Figure 1-2. The complexes exist in equilibrium with their free constituents - 
the linear one, often been denoted as the “axle” or “thread”; and the macrocycle, called a 
“wheel” or “bead”. The number in square brackets indicates the number o f components 
forming the complex, i.e. a [2 ]pseudorotaxane consists of two components -  a single 
thread and a single bead. Longer axles could also penetrate through multiple wheels.
3
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“Axle” (Thread)
“Wheel” (Bead) [2]Pseudorotaxane
Figure 1-2 Cartoon illustration of a [2]pseudorotaxane complex
The complexation is achieved as a result of the proper design of the discrete units, so that 
they can recognize each other utilizing intermolecular interactions in a directed (or 
templating) fashion. One commonly used template is a metal ion capable of coordinating 
linear and cyclic ligands in a controlled orientation. This approach has been successfully 
exploited by Jean-Pierre Sauvage13, and Figure 1-3 contains an example of a 
[2]pseudorotaxane, templated by tetrahedral Cu(I). A great number of reported
interpenetrated and interlocked structures 
employ variations of Stoddart’s 
recognition motifs, generalized in the 
examples of Figure 1-4. 24-Membered 
crown ether wheels encircle secondary 
ammonium salts using a combination of 
electrostatic attraction and hydrogen 
bonding (Figure 1-4 left). 1,4-Dibenzo- or 
1,5-dinaphtho-substituted crown cycles, containing ten oxygen atoms, are also commonly 
used as wheels for the recognition o f N,N'-dialkylated 4,4'-bis(pyridinium) axles through 
electrostatic attraction and 7i-stacking. An alternative to electron rich cyclic and electron 
deficient linear component is the pseudorotaxane approach developed by Stoddart and
4
' v < l' 5 s
/  J O T
Figure 1-3 Sauvage’s Cu(I) -  1,10- 
phenanthroline template
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co-workers and used extensively in the form of tetracationic cyclobis(paraquat-p- 
phenylene) wheel as a recognition site for threads with electron rich units, such as 
dioxynaphtalene or variations of the tetrathiafulvalene moiety (Figure 1-4 right).
c x :
1— ^
crown ether wheels 
secondary ammonium or paraquat threads




dioxynaphtalene or tetrathiafulvalene threads
Figure 1-4 Stoddart’s templates for pseudorotaxanes
Hydrogen bonding has dominated as a templating tool and most recognition motifs 
employ it to a certain degree14. It is utilized to a full extent in the pseudorotaxane 
complex design based on cyclic and linear amides, examples of which are given below.
NH HN
Leigh's cyclic amide wheels 
linear amide threads
Hunter and Vogtle's cyclic amide wheels 
linear carbonyl threads
Figure 1-5 Templates based on cyclic amides
Cyclic amide hosts encircling linear carbonyl containing threads have been prepared in
5
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the early 1990’s by Hunter1 5  and independently by Vogtle1 6 ,1 7  (Figure 1-5 right). A 
similar motif using different spacers in the macrocycle has been successfully used by
1 ftLeigh for complexing linear amide threads (Figure 1-5 left).
Other widely pursued host-guest complex designs make use of the ability of cyclic 
oligosaccharides, such as cyclodextrins19, to encapsulate a vast range o f linear 
hydrocarbons in their conical shaped cavity (Figure 1-6 left). The most studied 

























diammonium butane or pentane threads
Figure 1-6 Cyclodextrins and cucurbituril macrocycles for pseudorotaxanes
Similar in shape is the hexameric macrocyclic compound cucurbituril (CB[6 ]), prepared
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by an acid catalyzed condensation o f glucouril and formaldehyde (Figure 1-6 right). It 
has been reported numerously as a templating motif in the research of Kim and co­
workers20. Like in cyclodextrins, it uses a combination of hydrogen bonding in the rims 
of the cavity with hydrophobic effects in the centre. Typical threads for CB[6 ] are 
extended diammonium butane or pentane salts.
The interpenetrated and interlocked compounds synthesized in Loeb’s research group 
incorporate a bis(pyridinium)ethane recognition site and a 24-membered crown ether 




24-membered crown ether wheels eight CH - 0  bonds
bis(pyridinium) ethane axles „ +  A „  ..vtv N —O attraction
71-stacking
Figure 1-7 The recognition motif used in Loeb’s research group
The ability o f 24-membered crown ethers to encircle the ethane bridge has been reported
2| 2 2
in series o f publications ’ from Wisner and Loeb in 1998. Complexation is a result of 
up to eight CH—O hydrogen bonds (four from the ethane, and four from the hydrogen 
atoms in the a-position of the pyridinium rings); electrostatic ion-dipole attractions 
between the positive N+ atoms and the ethereal oxygens; and 7i-stacking interactions 
between the electron deficient pyridiniums and electron rich aromatic rings in the crown, 
if  such are present.
7
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1.2.2 Rotaxanes
Rotaxanes are the interlocked analogs of pseudorotaxanes. They contain the element of 
an axle and an interpenetrated wheel, but the inclusion complex is mechanically locked 
by the presence of two bulky “stopper” groups (Figure 1-8 right). These “stoppers” or 
“caps” are sterically demanding chemical groups that prevent the wheel from 
dethreading. The result is an interlocked compound, which in the case of one wheel and 
one thread is denoted as [2 ]rotaxane ( again the number indicates the number of separate 
components).
The synthesis o f rotaxanes relies on the principles of pseudorotaxane formation, already 
discussed. Numerous rotaxanes have been synthesized from the previously presented 
templating motives of pseudorotaxanes. Two general methods are known for rotaxane 
preparation -  “threading” and “clipping”. Both are illustrated in Figure 1-8. In the 





Figure 1-8 Synthetic strategies for the formation o f rotaxanes
8
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The “clipping” method employs a thread with two pre-attached stoppers, which 
templates through intermolecular interactions an open-chained wheel precursor around its 
axis. The actual wheel is formed by unimolecular or bimolecular cyclization, yielding the 
rotaxane.
1.2.3 Catenanes
Catenanes are supramolecular architectures, in which two or more cyclic components 
interpenetrate and interlock each other. The resulting compound resembles an element of 
a chain ( the name “catenane” comes from the latin “catena” for “chain”).
double clipping
Figure 1-9 Synthetic strategies for the preparation of catenanes
Catenanes adopt the same nomenclature as rotaxanes, i.e. a [2]catenane is formed of two 
interpenetrated wheels. A higher number is associated with well defined chain-like 
structure o f mechanically locked elements. Catenanes are prepared by “clipping” or 
’’double clipping” methodology, presented by the cartoon illustration of Figure 1-9. Like 
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the two separate components. Once orientation of the elements in a more or less 
perpendicular fashion is achieved, ring closure can be performed on the open chain by 
reacting it with a proper fragment. This process is called “clipping” and requires the 
complementary component to be a closed cycle. When both units are cyclized from an 
open chain, the process is defined as “double clipping”.
1 3  Molecular Machines
The characteristics of defined component orientation in interlocked and interpenetrated 
complexes, combined with the relative freedom of movement restrained by mechanical, 
rather than covalent factors, renders the elements o f the complex analogous to parts of a 
machine, moving through discrete positions relative to each other. By mimicking 
mechanical motion on a molecular level, these complexes can be viewed as miniaturized 
artificial “molecular machines”. Although a strict definition for this class of molecular 
structures is hard to set23, according to Balzani2 4  and co-authors:
“A molecular level machine can be defined as an assembly o f  distinct number 
o f  molecular components that are designed to perform machine-like 
movements (output) as a result o f  an appropriate external stimulation (input) ”
The key requirement in the described classification is the ability to induce and control the 
motion. Triggering mechanical movements, which can be simplified to rotational or 
translational, can be achieved through chemical, electrochemical, and photochemical 
energy inputs. A very simple example based on pseudorotaxane complexation, influenced 
by chemical means, is presented in Figure 1-10. The (9-anthracenyl)benzylammonium 
axle forms a pseudorotaxane with dibenzo-24-crown-8 ether in CH2 CI2 , while its free
10
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base analog is not involved in supramolecular interactions . Deprotonation of the 
ammonium ion with a base destroys the host-guest complex, pulling the two components 
apart. The process can be reversed by adding a suitable acid, while monitoring it through 





Figure 1-10 Acid-base driven pseudorotaxane complexation
Such threading/dethreading is reminiscent of the movement o f a piston in a cylinder. 
Apart from the translational element, pseudorotaxanes can also be regarded as “molecular 
switches”, i.e. structures having two or more distinct and stable states, each of which can 
be selectively adopted in a response to some external stimulus. Controlled 
complexation/decomplexation in pseudorotaxanes has been achieved photochemically, 
electrochemically or chemically26. While this binary mechanism could characterize 
pseudorotaxanes as candidates for sensors and indicators, they have limited prospects as 
information processing devices. One reason is the equilibrium nature of the complex, 
which presupposes the availability o f uncomplexed components. Another comes from the 
existence of pseudorotaxanes in solution, thus precluding an individual compound from 
being a readable information carrier. Addressability and readability o f the information 
storage unit are essential for processing applications. Without these, its state can neither 
be controlled, nor determined27.
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Interlocked compounds like rotaxanes and catenanes are closer to meeting these 
requirements. They are discrete compounds, the components of which cannot be
AO
separated without breaking covalent bonds. According to Sauvage :
“...compounds containing interlocking rings or rings threaded onto an 
acyclic fragment are the ideal precursors to molecular machines, i.e. 
multicomponent systems fo r which selected parts can be set in motion while 
the other fragments are motionless. ”
The possibility of integrating rotaxanes and catenanes on surfaces without disrupting the 
ability o f their components to perform rotational or translational movements relative to 
each other increases their potential for information functions. The design of catenanes as 
molecular machines focuses on the unsymmetric nature of interlocked rings, which can 
adopt at least two distinguishable positions of the wheels relative to each other. Cartoon 
illustration of this concept is shown in Figure 1-11.
state 0  state 1
Figure 1-11 Molecular switching in catenanes by induced rotational isomerism
By introducing an unsymmetrical element two isomeric orientations (co-conformations) 
are defined -  one is represented by the coordination o f the blue ring to the green half o f 
the second ring (state 0). Appropriate energy input could induce rotation of the latter to 
reach the isomeric “state 1 ”, where the blue ring is now interacting with the red half. This
12
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rotational isomerism classifies such catenanes as molecular machines or “switches” 
provided the following requirements are met: 1 ) the isomerism energy barrier is 
sufficiently high to prevent spontaneous interconversion; 2 ) the response to external 
stimulation is fast, and reversible; 3) the two states can be read by some analytical 
technique, like NMR spectroscopy, cyclic voltammetry, or UV/vis spectroscopy.
Although such catenane examples have been reported24,29, much greater attention has 
been centred on rotaxanes. Geometrical considerations render rotaxanes as more 
sophisticated molecular machines, with translational movement o f great amplitude. 
Figure 1-12 contains a schematic representation of a rotaxane as a molecular machine.
site 1 site 2
Figure 1-12 Cartoon representation of a [2]rotaxane as a molecular shuttle
The incorporation of two recognition sites in the axle gives the wheel a choice to 
coordinate to either one o f them (two positional isomers). If the sites are sufficiently 
different from a supramolecular aspect, one of them would be preferred by the 
macrocycle to the extent o f being occupied in 100% of the cases (for example site 1). By 
means o f proper external stimulus the wheel could be “pushed” to slide along the axis of 
the string to the second recognition site (site 2). Ideally, this translational movement (or 
“shuttling”) can be reversed, thus leading to a controlled molecular motion.
The “shuttling” response can be triggered through chemical, electrochemical, or 
photochemical means. Analogous to the pseudorotaxane example in Figure 1-10, is a 
more elegant molecular machine, displayed in Figure 1-13.
13
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protonated amine
Figure 1-13 An acid-base driven 
molecular shuttle
The depicted rotaxane shuttle3 0  contains a 
linear component with two sites for 
coordinating dibenzo-24-crown-8 ether 
wheel -  a secondary ammonium, and a 
bis(pyridinium)ethane site. Two bulky tert- 
butyl groups prevent dethreading. If the 
ammonium is deprotonated, the crown 
prefers to encircle the ethane site. 
Protonation with triflic acid transforms the 
amine into a more attractive ammonium 
site and the wheel slides to utilize stronger 
hydrogen bonding. The process can be 
reversed by adding a base such as ‘P^NEt, which deprotonates the ammonium thus 
destroying the interactions holding the wheel, and the latter “shuttles” back to the 
bis(pyridinium)ethane moiety. The changes in the environment of the crown ether can be 
monitored by NMR spectroscopy.
In the presented example the bead is displaced as a result of protonation of one 
recognition site, making it better for hydrogen bonding. The same mechanism has been 
exploited in the opposite direction in the design o f the first reported controlled molecular 
shuttle3 1  (Figure 1-14). It is comprised of a tetractionic cyclophane wheel (red), threaded 
through an axle, containing a benzidine (blue) and a biphenol (pale blue) site, separated 
by oligomeric ethylene glycol spacers. The wheel is capped by two large tri- 
isopropylsilyl groups. The electron deficient macrocyclic host is found to bind the
14
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electron rich benzidine over the biphenol with an approximate selectivity of 8:1. Upon 
protonation with an acid, however, the generated positive charge on one or both the 
amino groups repels the cationic wheel, forcing it to completely translocate to the 
biphenol moiety. The process can be easily reversed by deprotonation with a base and 
may be confirmed by NMR or UV spectroscopy. More importantly, the same transition 
effect can be achieved by electrochemical oxidation/reduction of the benzidine unit, the 






Figure 1-14 Electrochemical molecular shuttle
Like electricity, light is efficient and clean energy source, which application as 
“switching” activator is highly desirable. Figure 1-15 exemplifies the first photonically 
driven molecular shuttle, consisting o f an a-cyclodextrin wheel, threaded on an 
azobenzene-containing axle . Azobenzene (pale blue) is preferentially encapsulated by 
the a-cyclodextrin in the /ram-conformation, but not in the cis-state. Upon irradiation 
with UV light (X, = 360 nm) the cyclodextrin macrocycle moves along the string to the 
dipyridine (blue) in response to the photoisomerization of the azobenzene unit, which is
15
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verified by NMR and UV/vis spectroscopy. Reversing is accomplished by light 
irradiation with wavelength X = 430 nm and the entire process has been monitored over 






Figure 1-15 Example o f a light driven molecular shuttle
The design o f rotaxane shuttles, in which the translational movement is activated upon 
metal ion coordination, has been pursued vigorously in Sauvage’s research. One such 
example33, shown in Figure 1-16, is a molecular switch, formally based on the selective 
recognition of Cu(I) and Cu(II). The wheel component contains a 1,10-phenanthroline 
bidentate ligand, while the axle has a bidentate and a tridentate ligand built-in. In the 
presence o f Cu(I), which is a four-coordinate centre, the two bidentate ligands chelate 
around the metal in a tetrahedral fashion, defining “site 1 ” for the wheel’s location. 
Oxidation transforms the metal ion into Cu(II), which is preferred by the terpyridine (site 
2 ) for five-coordinate geometry, and this causes the macrocycle to move to the second 
site. The translational isomerization is reversible and can be followed by absorbance
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
spectroscopy.
stopper
Figure 1-16 Molecular shuttling induced by coordination
Although the system is a superb example of designed discrimination between two 
species, it might qualify more as a redox driven shuttle rather than one activated by 
coordination, because it lacks the selectivity element associated with coordination. So far 
there have not been reported examples o f rotaxanes, designed to “switch” upon 
recognition o f certain molecular or ionic species, much like a sensor or indicator.
17
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1.4 Anion Recognition as a “Switching” Input in Rotaxanes
Anion coordination chemistry faces some unique challenges, coming from the intrinsic
saturated. This puts them in sharp contrast with cations, the electronic configuration of 
which is related to the geometry of their coordination. The design of receptors for anions 
is complicated by other factors as well. Anions are relatively large compared to their 
isoelectronic cation counterparts and require receptors of greater size. The larger ionic 
radii make the charge density more diffuse, which reduces the strength o f their 
electrostatic interactions. Finally, anions have high free energies of solvation with respect 
to cations o f similar size. This burdens the anionic host with the additional requirement of 
more effectively competing with the solvent.
Figure 1-17 Some examples of anion receptors
The design of anion receptors utilizes the directionality of hydrogen bonds to position the 
guest, while non-directional electrostatic attraction and hydrophobic effects are used to
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strengthen the interaction. Coordination to metal centres is another tool. Examples of 
some o f the most prominent anion receptors are given in Figure 1-17. The guiding 
principles stipulate more hydrogen bonding is better, and a cyclic or cavity type 
preorganization ensures stronger binding. Selectivity can be tuned by extending the size 
o f the cycle, while strength is improved through the cooperative electrostatic effect of 
quatemized nitrogen atoms or metal coordination centres. The preferred hydrogen 
bonding tools are functional groups such as amides, ureas, pyrroles, thioureas, 
suphonamides, and various analogs, containing positively charged nitrogen.
Despite the similarity of principles in the design o f anion receptors and host macrocycles 
for interlocked architectures; and the fact that anions are intrinsic to many cationic 
rotaxanes, the idea of using anion recognition to trigger molecular switching has not been 
pursued. Anion driven molecular shuttles have not been reported until very recently. The 
first example, shown in Figure 1-18, appeared in a publication from Leigh’s research 
group in 2004. The rotaxane is comprised of a benzylic macrocycle (red), threaded on a 
string with two “stations” -  a succinamide group (pale blue) and a cinnamate function 
(blue). The succinamide station is exclusively preferred by the wheel in a variety of 
solvents -  CDC13, CD2 CI2 , CD3 CN, and even d7-DMF (>95% succinamide-bound wheel 
isomer). Reversible deprotonation with a base, however, generates a phenolate anion, 
which provides a compelling hydrogen bonding alternative to the macrocycle and it 
translocates overwhelmingly over the cinnamate ion in d7 -DMF. The degree of 
discrimination between the two stations is less pronounced in other solvents. The 
preference o f the wheel for the phenolate in d7-DMF is not affected by competition from 
other anions - F', CF, Br', I", HO', NO 3 ', AcO\ introduced as B114NX salts. The shuttling
19
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movement in this example is formally induced by the recognition of the phenolate ion by 
the wheel, although the overall effect is achieved primarily through eliminating other 
anions’ interactions, and not specifically through selective coordination.
HO.
acid base
Figure 1-18 Rotaxane shuttle, driven by recognition of phenolate anion
The importance o f anions even in the absence of explicit design to accommodate their 
interactions, has been demonstrated recently by Stoddart et.al . In the rotaxane example, 
presented in Figure 1-19, four counter ions balance the charges o f the tetracationic 
cyclophane ring (blue). Threaded on an axle with two stations, it shuttles between the 
bispyrrolotetrathiafulvalene site (BPTTF, in green) and the dioxynaphthalene site (red). 
When the rotaxane is in form of [PF6 _] 4  salt (yellow anions), NMR and absorbance 
spectroscopy in d6 -acetone have revealed 1 : 1  approximate ratio of the two possible 
translational isomers. When all four anions are exchanged with the bulkier
20
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tris(tetrachlorobenzenediolato)phosphates (TRISPHAT, pink colour), the preference of 
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Figure 1-19 Translational isomerism, influenced by bulky anions
Addition o f PF6 - anions quickly decreases the difference in the isomer ratio. The observed 
effects are attributable to the weak ion-pairing exerted by the larger TRISPHAT', which 
enhances the electron deficient character o f the cyclophane ring and favours its attraction
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to the stronger ^-electron donor - BPTTF unit (green).
1.5 Scope o f the Thesis
This thesis describes the synthetic approach and the physical chemistry of the interactions
of pseudorotaxanes and rotaxanes with inorganic anions. The goal o f the syntheses are
bis(pyridinium)ethane threads, which incorporate an anion receptors, and their
interlocked complexes with various 24-membered crown ethers. The choice of receptor is
a pyridinium core with amide functionalities in the 3-, and 3,5-positions (Figure 1-20, in
O. r  blue). Quatemized pyridiniums with\ \  ✓ 
y — n
alkylamide groups in these positions
n̂ C - hh+ \ __ /  have shown the ability to bind
\ . . .  H organic and inorganic anions by 
O' R
l7. a •a cooperative coordination to theFigure 1-20 Threads, containing nicotinamide- ^
based anion receptors . . . . .  .
amidic hydrogen atoms and the
hydrogen atom in the 4-position of the ring37'40. Their synthetic integration into threads of
the type in Figure 1-20 is pursued. Their anion binding ability in the form of
pseudorotaxanes and rotaxanes is studied. Possible conformational transformations are
quantified. Strategies for further functionalization of the threads for molecular shuttling
purposes are described.
More detailed introduction, covering the specific areas of this thesis, is presented at the 
beginning of each appropriate chapter.
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Chapter 2. Pseudorotaxanes
2.1 Introduction and Hypothesis
2.1.1 Introduction
Pseudorotaxanes have been defined as the non-interlocked counterparts of rotaxanes7. 
These supramolecular complexes exist in a dynamic equilibrium with their free 
components -  the “axle” (or “thread”) and the “wheel” (or “bead”).
—  *  0  —  ■  o
Figure 2-1 Cartoon representation of pseudorotaxane formation
This equilibrium, depicted in Figure 2-1, depends primarily on the strength of the
interactions keeping the two components together and is quantified by the equilibrium
„ . . T _ [complex!
constant of association: K , = ----------  .
[thread] [wheel]
The direction and the extent o f the equilibrium can be altered in accordance with the Le 
Chatelier principle. Since all the components are in a solution, pressure is not a 
significant factor. The values of Ka are greatly affected by temperature since these 
interactions are non-covalent and weak in nature, as explained in Chapter 1. The complex 
is favoured at room temperature or lower, and the range of conditions is often narrowed 
by other factors, such as solubility, since pseudorotaxanes involving charged components 
tend to precipitate at low temperatures. The choice of solvent is important and requires
23
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fine-tuning. The highest Ka’s are achieved in non-polar aprotic solvents, where hydrogen 
bonding, electrostatic attractions and 7i-stacking interactions are maximized, but highly 
charged molecules do not readily dissolve in such solvents. Highly polar solvents like 
CH3 OH, H2 O, DMF and DMSO, on the other hand, offer much better solubility but their 
solvation effects can successfully compete with the supramolecular interactions and 
reduce the equilibrium constant to zero. Another factor which is essential for charged 
species is the counter ion itself, as most pseudorotaxanes employ a cationic linear 
component and a neutral host. The charge balancing anions can play a very important 
role for the Ka by competing with the host for the recognition site o f the guest. In fact, 
this can be used to manipulate the equilibrium to force “threading” or “dethreading” by 
changing the anions o f the guest. Figure 2-2 illustrates one such example between a 
substituted quaternary ammonium salt and dibenzo-24-crown-8 ether, reported by Prodi
Figure 2-2 Pseudorotaxane complexation, influenced by anions
The crown ether forms a pseudorotaxane with (9-anthrylmethyl)methylammonium thread 
as the [PF6‘] salt in CH2CI2 . By adding B114NCI a strong ion-pair formation between the
e t.a f1.
B u 3N H PFfi
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Cl' and the ammonium N+ causes dethreading of the components. The reaction can be
reversed upon the addition of one equivalent of BU3 NHPF6 , which itself pairs with the 
chloride, leaving the aromatic thread to rethread as a [PF<f] salt. These processes can be 
monitored by luminescence spectroscopy. The overall control over the equilibrium is 
established by a simple change in the type of anion present, and its quantity can lead to 
complete threading or dethreading, which is fundamental for “molecular switching”.
The ion-pairing phenomena can be used not only to destroy pseudorotaxane complexes, 
but also to promote ones, by appropriately designing the cavity o f the host to 
accommodate the paired ions. Such an approach has led Credi4 2  et al to the synthesis of 
the N-phenylureido functionalized calix[6 ]arene host, shown in Figure 2-3.
Figure 2-3 Pseudorotaxane complex of ion-paired viologen and calix[6 ]arene. 
(Cartoon representation from J. Org. Chem., 2004, vol. 69, iss. 18)
The dicationic viologen guest cannot thread ion-paired through the cavity o f the 
calix[6 ]arene host and must undergo prior ion-pair dissociation, yet the counter anions 
help stabilize the pseudorotaxane complex and slow the dethreading rate by binding to 
the ureido functions. Curiously, stronger pairing anions for the thread like tosylates 
[OTs'] actually increase the stability of the complex in CH2 CI2  as opposed to the weak 
ion-pairing [PF6"]. That is because the ureido groups bind the tosylates stronger as well, 
thus facilitating the initial ion-pair dissociation o f the guest, and later slowing the
25
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decomplexation. Obviously, the experimentally determined apparent equilibrium constant 
K a ,e x P is a function of different possible equilibria involving ion-recognition. This also 
explains the frequently observed concentration dependence of Ka.
Until recently, the quantitative treatment of the ion-pairing contribution to overall 
complexation has been neglected. In a series o f papers in 2003, Gibson addressed this 
issue studying the equilibrium between mono- and dicationic threads and crown ether 
hosts43,44. The scheme is shown in Figure 2-4. Dibenzylammonium trifluoroacetate is 
used as a monocationic thread in CD2 CI2 /CD3 CN (3:2) solvent mixture, and the 






P F 6 PFg
Me —N
d6-acetone
Figure 2-4 Dibenzo-24-crown-8 pseudorotaxanes with mono- and dicationic threads
The possible ion-pairing and pseudorotaxane complexation equilibria are illustrated for 
the dicationic species in Figure 2-5. The dicationic guest undergoes ion-pair dissociation,
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determined by the ion-pair dissociation constant KiPd. If the crown ether host can complex 
the ion-paired guest, the overall equilibrium constant Ka,exp = K,pc will not depend on the 
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Figure 2-5 Possible equilibria between a dicationic guest and a neutral host
If the host binds only the dissociated thread and the complex is not ion-paired, then Ka,exp 
will be a function of both Kr and Kipd and will exhibit concentration dependence. The 
mathematical expression, derived by Gibson, shows exactly how the value of Ka,exp 
changes with the concentrations of both the host and the guest:
K
K rK ipd K rK ipd
a,exp
[X - ] 1 {2K1[d[G 2 * 2 X ](K t [H] + l ) f J
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The equilibrium concentration [G2 +2X‘] is that of the ion-paired thread, and [H] is the
uncomplexed crown ether. In the case of a monocationic guest, Ka exp becomes:
K rK ipd K rK ipd
“ p [X ] {KlpJ[G *X "](K r[H ]+ l ) } l/2
Both expressions are derived based on three assumptions: (a) the cationic guest exists in 
solution as a monomer, which is exclusively ion-paired, (b) after dissociation of the salt, 
it is only the free cation that forms the complex (Kjpc and Kjb are zero), and (c) there are 
no other species present in the solution.
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2.1.2 Hypothesis and Theoretical Approach
The incorporation of an amide anion receptor into a thread with a bis[pyridinium]ethane 
recognition site must involve even more pronounced anion binding effects. The impact of 
anions on structures o f this type could be strong and efficient enough for “molecular 
switching” applications. The aim of this work is to test this possibility, determine the 
factors contributing to the magnitude o f the response and accordingly design the guest 
structure to optimize the response. Quantitative assessment o f ion-paring (or ion-binding) 
effects is essential. Our threads have at least two positive charges, but if  they are further 
functionalized, new equations for K^exp must be derived for tri- or more positively 
charged guests. The availability o f the amide binding site in addition to the 
bis[pyridinium]ethane one requires consideration of possible anion binding from the 
pseudorotaxane complex as well (Kjb > 0). The thermodynamic treatment set by Gibson 
must also be adjusted to the different solvent system used for our host-guest system, 
excluding the assumption that the guest is exclusively ion-paired. We theorize the 
pseudorotaxane formation assuming Kib=0 and test that assumption in additional 
experiments.
The formation of a pseudorotaxane complex involving a tricationic guest and a crown 
ether host is then a result o f two simultaneous equilibria, as illustrated in Figure 2-6. The
•2 I
ion paired thread (G 3X') with initial concentration Mth dissociates stepwise to its ionic 
components (G3+) and (3X ‘) to an extent given by the overall ion-pair dissociation 
constant KjPd. If (x+y) moles of (G3+3X') have dissociated, then (x+y) moles of (G3+) and 
3(x+y) moles of (X‘) would have formed in first equilibrium, leaving (MthV-(x+y)) moles 
of (G3+3X ‘) ion paired.
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Figure 2-6 Pseudorotaxane complex through ion-pair dissociation o f tricationic thread
In a second equilibrium, measured by the actual or “real” host:guest association constant 
Kr, (y) moles o f (G3+) react with the host crown ether (H) to form (y) moles of the
i  i o I
pseudorotaxane (G »H). The remaining (x) number o f moles of (G ) can be expressed as 









The number o f moles of the complex (y) can be easily determined from the peak integrals 
in the ’H-NMR (detailed explanation is provided with Figure 2-17).
(m ')*
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where M cr and Mth are the initial concentrations of the crown ether and the thread. Hence,
— — ---- ^ M thV
x = -  y-  =   Equation 2-4
[H]Kr (k,j) + M crK r
The ion-pair dissociation/association is a fast process on the NMR time scale which 
results in the detection o f an averaged signal for the uncomplexed guest species- (G 3X') 
and (G3+). Unless confirmed that the uncomplexed guest is exclusively ion-paired (in the
•51
form of G 3X') in the applied solvent, it is more accurate to assume the recorded
i i
intensities for the uncompexed thread in the NMR spectrum are the sum of (G 3X') and 
(G3+). Therefore the apparent equilibrium constant Ka,exP must be expressed as:
[H «G 3+] 1 1
K a,exp ([G3+ 3X“ ] + [G3+ ])[H] ([G3+ 3X” ] + [G3+ ])[H] [G 3+3X"][H] [G 3+][H]«3+- i3+ 3+ - . 3+< <3+-
Equation 2-5
[H «G 3+] [H » G 3+] [H «G j+]3+ -
Since [G 3+3X“] =
x + y
[X - ] 3
K ipd
= [H *G 3+] = +
[H «G 3+] K r V
then:




x + y 
V
[X -]3 [H]




[X -]3 [H] +
V




K 1Dd[ H .G 3+]




K r K ipd[ H .G ^ ]  K ipd[ H .G 3+] K r““ipd
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K = ____________ 1__________  K rK,pd
aexp [X -]3 + [X -] 3 [H]Kr + K ,pd [X“ ] 3 (1 + K r [H]) + K ipd Equat.on2-6
K rK ipd
The final expression illustrates how Kaexp varies with concentration. Increasing the 
concentration of any of the starting components leads to some complex with (X') being 
formed as well (see Figure 2-6). The more (X') is formed, the lower the Kaexp will be. It 
can be concluded that the highest KaeXp values would be observed at very low 
concentrations of both (G3 +3X') and (H). The upper limit of this constant Ka,max can be 
easily seen if Equation 2-6 is modified in terms of KjPd:
K K.„
K. =- ‘“r ipd
a’exp [X-]3(l + K r[H]) + K ipd
K rKipd = K aexp ([X- ] 3 (1 + K r [H]) + K ipd ) 
K rKipd = K aexp [X- ] 3 (1 + K r [H]) + K aexpK ipd
K rKipd - K aexpK ipd = K aexp[X~] (l + K r[H])
K ipd(Kr -K aexp) = K aexp[X“]3(1 + K r[H])
K a,exp[X-]3(l + K r[H])
'Pd K - K Equation 2-7
r ^ a , ex p
The value of the denominator cannot be negative and therefore Ka,max = Kr. At any
concentration, [X'] = 3(x+y)/V can be expressed from Equation 2-2 and Equation 2-4;
and [H] can be determined from Equation 2-3, so that Ka,exP from Equation 2-6 becomes a
32
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function of two unknowns, Kr and KjPd. In order to find their values, at least two Ka exp 
need to be measured at known concentrations.
33
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2,2 Synthesis and Complexation Studies
2.2.1. Synthesis of the Threads
The synthesis of bis-(pyridinium)-ethane threads involves N-alkylation of the pyridine 
nitrogen atoms with derivatized ethanes in two possible pathways. Figure 2-7 represents a 
retrosynthetic scheme using a bromoethylpyridinium group as an alkylating motif. 
Method (a) for the construction of amide-bearing unsymmetrical threads presumes a 
reaction between a 4,4-dipyridyl as a pyridine base and N-(bromoethyl)amido-pyridinium 
as an alkylating reagent. The alternative approach (b) involves an alkylation of an amido- 
pyridine base with N-(2-bromoethyl)-4,4'-dipyridinium. Both methods require 









Bf - \  + / = \  / = \
Br
amido-pyridine bromoethyl-dipyridyl
Figure 2-7 Retrosynthesis of bis(pyridinium)ethane threads
Our anion receptor motif is expressed in an amide group (RNHCO-) at 3- position of the 
pyridine ring. R can be H, alkyl or bulky aryl group, if  needed to act as a “stopper”. A
3,5-bis-(amido)-pyridine thread (R’ = RNHCO-) was a primary synthetic goal in pursuit
34
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of a maximum anion interaction. Focusing on the substituent R being an n-butyl group, 
N-butyl nicotinamide and N,N’-dibutyl-3,5-pyridinedicarboxamide were prepared 
following the reported procedures4 5 ,4 6  according to Figure 2-8. The amidation step was 
accomplished in a neat reaction in good yields using the amine as a solvent.
HOOC dryEtOH, EtOOC /?
h = \ conc. H2 SO4 > = \  nBuNH2
V N — ^ "  W N — ^
R R'
R = H, (COOH) R = H, (COOEt)
y j *
R"
R" = H: N-butyl-nicotinamide
R" = (CONHBu): N,N'-dibutyl-
3,5-pyridinedicarboxamide
Figure 2-8 Synthesis o f butylamido-pyridines
Other nicotinamides, such as N-phenyl nicotinamide and N-(4-ferf-butylphenyl)
nicotinamide, were prepared in an adapted procedure47, illustrated in Figure 2-9. The 
method represents an amide coupling between commercially available nicotinoyl chloride 
as hydrochloride salt and aniline or 4-terf-butyl aniline.
.HCI / = \  CHCI3
J  +  H2N _ V, ))—R +  Et3N -------------  ►  I  T H
N . Et3NH Cl'
R = H, tert-butyl
Figure 2-9 Amide synthesis
Following route (a) from Figure 2-7, the four prepared pyridine amides and a simple 
commercial nicotinamide were further transformed to their bromoethyl derivatives . The 
reaction is an N-alkylation of the pyridine ring with 1,2-dibromoethane and the scheme is 
given in Figure 2-10. Like most quatemizations of an annular nitrogen atom it proceeds
35
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by way of an Sn2 mechanism48. Elevated temperatures or prolonged heating facilitate 
side reactions. Solvent effects on rate constants are usually small, but the use of polar 
solvents such as CH3 CN, ‘PrCN, CH3NO2 , CH3 OH and EtOH leads to cleaner products.
ML 4 ML- „-
R‘ R' R' — (
R’
mono-substituted bis-substituted
R = H, n-butyl
R’= H, -CONHR 1 • R R ’ = H 2  : R,R’ = H
5 : R = n-butyl, 3 : R = n-butyl,
R’= CONH(nBu) R’= H
Figure 2-10 Pyridine ring N-alkylation
Common side products are the symmetrical bis-substituted ethanes. In order to suppress 
their formation, the reactions must be carried out at lower temperature and in excess of 
1,2-dibromoethane. Bis-substituted products being finished symmetrical threads could 
provide additional pseudorotaxane complexation and solubility information and in some 
cases they were isolated as products.
Following the outlined scheme in acetonitrile as a solvent, nicotinamide was alkylated to 
the mono-substituted product 1 [Br ] in 54% yield. N-alkylation of the more soluble n- 
butyl functionalized nicotinamide with 1 ,2 -dibromoethane according to the scheme in 
Figure 2-10 failed to yield the mono-substituted product. Temperature was varied with 
and without the addition of CH3CN as a solvent, but only the bis-substituted product 3 
was isolated, which suggests that the mono-substituted intermediate is too soluble and 
thus able to react further.
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The production of smaller amounts o f the bis-substituted product 2 [Br' ] 2  prompted its 
preparation in an alternative way, described in Figure 2-11.
Figure 2-11 Synthesis of bis-(nicotinamide)-ethane 2
Entirely avoiding acetonitrile as a solvent and using a large excess o f 1,2-dibromoethane 
while heating at ~80 °C, the alkylation of N,N’-dibutyl-3,5-pyridinedicarboxamide 
achieved exclusively the mono-substituted product 5. Unfortunately, the latter failed to 
react with 4,4-dipyridyl as proposed by route (a) of Figure 2-7. Numerous attempts were 
made with 5 as bromo- and iodoethyl derivatives in CH3 CN, PrCN, CH3 OH and 
nitrobenzene, but all resulted only in side products (Figure 2-12).
Figure 2-12 Synthetic attempts with 5 by route (a)
Proceeding by the alternative route (b) o f Figure 2-7, the amido-pyridine precursors were 
reacted with N-(2-bromoethyl)dipyridyl4 9  as an N-alkylating reagent. Neither N-butyl 
nicotinamide or N,N'-dibutyl-3,5-pyridinedicarboxamide could be converted 
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conditions according to that scheme (Figure 2-13). The phenyl-substituted nicotinamides 
- N-phenyl nicotinamide and N-(4-tert-butylphenyl) nicotinamide afforded the 
respective unsymmetrical threads 4 and 6  as bromide salts.
Nitrobenzene proved to be the best solvent for the synthesis of 4, while propionitrile led 
to better yields o f 6 . In both solvents, however, N-(2-bromoethyl) dipyridyl did not 
dissolve completely, either as B Ff or Br'.
Further structural modifications of 6  were accomplished in alkylations of the free 
nitrogen atom of the dipyridyl unit. The ultimate goal was increased solubility, higher 
association constants with dibenzo-24-crown ether, and slower complexation/ 
decomplexation rates. In a direct alkylation with bromomethyl-benzene, illustrated in 
Figure 2-14, 6  was transformed to 7 in a two phase reaction at 60 °C in 48% yield.
Figure 2-14 Synthesis of 7
The same route was not successful with 1-bromobutane. The /7 -butyl functionalized 





4 : R = phenyl
Figure 2-13 Synthesis o f threads by route (b)
6  : R = (4-/e/7-buty!)-phenyl
c h 3n o 2/h 2o
N aB F4, 60°C
7
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Figure 2-15 Synthesis of 10
The starting 4,4'-dipyridyl was mono-alkylated with 1-bromobutane to give 8  in 53% 
yield. Subsequent alkylation with 1,2-dibromoethane in acetonitrile afforded 9 as the 
bromide salt in 6 8 % yield. In the last step, 9 was used to alkylate N-(4-/er/-butylphenyl) 
nicotinamide in a mixture of acetonitrile/methanol, giving 1 0  in 38% yield.
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2.2.2 Pseudorotaxane Formation
The general scheme for the pseudorotaxane complexation is given in Figure 2-16. 
Dibenzo-24-crown-8 ether (DB) was used as the host molecule in 2x10' M or 0.01 M 
concentrations. All threads were preliminarily anion exchanged to tetrafluoroborates or 
triflates. The host and the guest molecules were dissolved in 1:1 ratio in deuterated 
acetonitrile (CD3 CN) and the formation of the complex was monitored by ’H-NMR 
spectroscopy.
Figure 2-16 General scheme for pseudorotaxane preparation
The large number of different protons from the three components present at the 
established equilibrium makes the spectrum of any pseudorotaxane relatively 
complicated. The task o f assigning all the peaks can be further complicated when the 
complex is being formed at a rate, comparable to the NMR time scale. The region from
7.0 to 5.0 ppm, however, is generally assignable in all spectra. An example of such a 
spectrum part is shown in Figure 2-17. This region contains the ethylene protons of the 
thread (i,i' -  highlighted in blue) and the aromatic protons (k,j -  highlighted in red) of the 
DB. In a pseudorotaxane complex, the thread protons (i,i')* are shifted downfield while
CH3CN,
25 °C or lower
F
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♦
the crown protons (k,j) appear shifted upfield (all complexed protons are denoted with 
an asterisk and highlighted in orange). Since these are the only peaks present in the 
region and they are separated enough for accurate integration, all concentrations of each
(k i)‘ species present at the established equilibrium- [thread],
[DB], and the complex [thread»DB] were calculated by 
comparing the peak areas for protons “i, i', k, j ”. The 
same stock solution of crown ether was used for all 
pseudorotaxane preparations. Due to the excellent 
solubility o f dibenzo-24-crown-8, its stock solution 
standard concentration correlates more accurately to the 
peak intensities registered by the N M R  spectrometer. 
For greater precision and reproducibility the actual 
initial concentration of each thread ( M th )  was calculated
from the spectrum’s integrals according to Equation
2 -8,
7 . 0  6 . 5  6 . 0  5 . 5  ppm
Figure 2-17 Typical N M R  
spectrum from 7.0 to 5.0 ppm
Equation 2-8
where (i,i') + (i,i')* is the total integrals for the ethylene protons (uncomplexed and 
complexed); (k,j) + (k,j)* are the total integrals for the crown aromatic resonance 
(uncomplexed and complexed); and Mcr is the initial concentration of the crown ether. 
The apparent equilibrium constant K a ,e x p  for 1:1 host-guest complex, defined in Equation
2-5 can be expressed in terms of the peak intensities.
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^  _ [complex] _ [FFG3+]
a "  [thread][crown] “  [(G3+3 X ')  + (G 3+)][H]
Equation 2-9
where the thread concentration is a sum of the equilibrium concentrations o f the ion
2+
paired (G 3X’) and the anion free (G ) threads. Both species interchange in a fast 
occurring equilibrium giving rise to an averaged signal -  (i,i'). Using the (i,i')* peak area 
to express the concentration o f the complex leads to the following derivation:
K„ =
$
( U ’ )
X M t h
♦
( U ' )
L ( m ' )  +  ( i , i )  j ( M ' )
( U ' ) r  ( k , j >
( k ,  j )
*  A  1V 1 th
( U ' )  +  ( U ' )
*  *  i v l c r
( k ,  j )  +  ( k , j )
( k , j )  +  ( k , j ) *
xM .
Equation 2-10
The term (k,j)/[(k,j)+(k,j)*] represents the mole fraction of the uncomplexed crown ether 
and Mcr is the initial crown concentration. This expression conveniently eliminates the 
initial thread concentration M* from the final equation, allowing all components’ 
molarities to be determined from the more accurately measured Mcr. Based on Equation 
2-10, the Ka,exp values for the symmetrical threads 2 and 3 are listed in Table 2-1. The 
initial concentrations of the guests [thread] were calculated from Equation 2-8. Both 





2 [B F /h 0.0013 0.002 d7-DMF 0
3 [BF4')2 0.0015 0.002 CD3CN 356
Table 2-1. Ka,exp values for the symmetrical threads 2 and 3 with DB at 25 °C
Unfortunately for us, even as a triflate salt, 2 was not sufficiently soluble in solvents 
appropriate for pseudorotaxane complex formation. It was dissolved in DMF, but 'H
42
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NMR spectroscopy proved no complexation was taking place. Improved solubility due to 
the n-butyl function allowed 3 to form a pseudorotaxane with a Ka,exp = 356 M '1. The 
solubility issue was a primary reason for the subsequent syntheses of the unsymmetrical 








4 [BF4-]2 0.0016 0.002 d7-DMF 25 0
6 [O T f]2 0.009 0.01 CD3CN 25 550
7 [BF4 ]3 0.01 0.01 CD3CN 25 315
7 [BF4 ]3 0.0022 0.002 CD3CN 25 1417
10 [BF4-]3 0.0017 0.002 CD3CNa -10 1738
Table 2-2. Ka cxp values of unsymmetrical threads, (a) 0.5 ml CD3 CN + 50 pi d7 -DMF
With the exception of 4, which could only be dissolved in DMF with no apparent 
complexation, all the rest were soluble in CD3 CN. Unlike 4, the other dicationic thread -  
6 , gave Ka = 550 M ' 1 as a triflate salt. The association constant Ka for the tricationic 
thread 7 was measured at two different concentrations -  0.01M and 0.002M with 
respective constants Ka = 315 M ' 1 and Ka = 1417 M '1. The variability with concentration 
confirmed that pseudorotaxanes were forming through initial ion-pair dissociation as 
represented in Figure 2-5. Solving Equation 2-6 for these two Ka exp numbers yielded Kr = 
1472 M ' 1 and K;Pd = 1.83xl0'5 M3. The rate of the pseudorotaxane formation for 10, 
which is the most soluble of all threads, was very close to the NMR time scale. To 
increase the resolution of the signals and slow the complexation, 51 pi d7 -DMF had to be 
added to the CD3 CN solvent and the temperature was lowered to -10 °C. At these 
conditions, a K ^ p  = 1738 M ' 1 was measured.
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2.2.3. NMR Titration Experiments
The variability o f Ka,exp with concentration proves a) that the crown ether host does not 
complex with the ion-paired thread (Kipc = 0); and b) the host complexes with the anion- 
free guest, therefore the application of Equation 2-6 is correct to describe the dependence 
of Ka exp on Kjpd and Kr. It is reasonable to expect a decrease in Kaexp upon addition of 
anions to the system in two ways. First, the equilibrium would be shifted to the ion-paired 
guest (G3 +3X‘) or (G2 +2X’) by the mere increase o f the concentration of (X‘). That would 
lead to a lower Kaexp without any change in the K;Pd value. The second and more 
pronounced decrease in Ka cxp would be seen if the new anion forms a much tighter ion- 
pair with the guest thus lowering the value o f KjPd itself. To experimentally test these two 
possibilities, an NMR titration experiment was conducted with tetrabutylammonium 
chloride (BU4NCI) as anionic source, since chloride anions are known to form tight ion 
pairs50,51. The experiment involves stepwise addition of BU4NCI in 10 pi aliquots to an 
NMR tube, containing a pseudorotaxane with known concentrations of its components. 
After each addition, a 'H-NMR spectrum was taken, enabling the calculation of Ka exp. 
The pseudorotaxane complex 10*DB prepared at the concentrations and conditions as 
reported in Table 2, was titrated with 0.02 M B114NCI (10 pi = 0.2 eqv.). Despite the 
overall low peak resolution, the key intensities of protons (i,i'), (i,i')*, (k,j), and (k,j)* 
could be determined and Kaxxp was calculated from Equation 2-10 for each equivalent of 
C f added. The values are listed in Appendix 1 and the trend is graphically illustrated in 
Figure 2-18. The drop from Kajexp = 1738 to Ka,exp = 751 M ' 1 follows a non-linear trend. 
Precipitation was observed after 0.6 eqv. CF, facilitated by the lower temperature.
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0.0 0.2 0.3 0.4 0.5
eqv . Cl-
Figure 2-18 Ka e x p  for 10* DB upon addition of B 114N C I
The titration of pseudorotaxane 7»DB, prepared from 0 . 0 0 2 2  M  7 [BF4  I3  and 0 . 0 0 2  M  
DB as reported in Table 2 - 2  was carried out at room temperature with 0 . 0 1 M  B 114N C I  ( 1 0  
pi = 0 . 1  eqv. Cl'). Unfortunately precipitation occurred even earlier -  at 0 . 4  eqv. Cl". 
However, the values of K a ,e x p ,  calculated from Equation 2 - 1 0  show similar trend of 
decrease from K a ,eX p =  1 4 1 7  to K a !e x p  = 6 7 1  M ' 1 ,  illustrated in Figure 2 - 1 9 .
‘a,exp for 7*DB










0.0 0.2 0.3 0.4
eqv . Cl-
Figure 2-19 Ka exp for 7»DB upon addition o f B U 4N C I
Since the approximate values of K r and the initial K j P d  for this pseudorotaxane were
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Figure 2-20 Kipd for 7*DB upon addition of B 114N C I
A graphical plot of the calculated constants is given in Figure 2-20. A significant drop in 
Kjpd is observed after the first 0.1 eqv. C f, much less pronounced afterwards. The 
experimental numbers hint an exponential trend, yet additional trials were needed in 
order to determine the initial KjPd with greater accuracy and assess the effect o f the ionic 
strength changes before drawing any conclusions about the values. It is obvious, 
however, that the decrease in Ka,eXp is not just a result of a common ion effect, but is also 
due to ion-pairing resulting in lower KjPd. Furthermore, the good peak resolution due to 
the slow rate of complexation reveals how the anion interacts with pseudorotaxane, by 
monitoring the shifts of individual H-atoms. Figure 2-21 shows the 'H-NMR spectrum of 
7*DB between 10 and 5 ppm before the addition of Cf. Peaks for the uncomplexed thread 
are labelled in blue, the aromatic protons o f the uncomplexed crown ether (k,j) are 
labelled in red; and all signals from the pseudorotaxane are labelled in orange and 
denoted with an asterisk.
46
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vH
DMI-
6 . 5 6 . 09 . 5 9 . 0 8 . 5 8 . 0 7 . 5 7 . 0 5 . 5 ppm
Figure 2-21 Part of the 'H-NMR spectrum of 7*DB as BF4 ' in C D 3C N
The H-atoms which bind the anion through hydrogen bonds experience a deshielding 
effect upon their nuclei and shift downfield. The stronger the bonding, the greater the 
shift so identifying the protons with greatest ppm shifts from the spectrum can answer 
which part of the thread the anion interacts with, and how strong is the interaction. The 
protons we are particularly interested in appear in the densest part of the spectrum -  from 
10 to 7 ppm. Figure 2-22 shows two expanded 'H-NMR spectra of pseudorotaxane 7«DB, 
the lower one taken at 0 eqv. CF, and the upper one taken after 0.4 eqv. CF. Starting with 
the similarities between these two spectra, it is clearly observed that the protons of the 
pseudorotaxane (in orange colour, with an asterisk) do not shift upon chloride addition. 
The only noticeable exception is the amide proton (v*), but the change is negligible
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compared to its uncomplexed counterpart (v), which jumps from 9.34 to 10.71 ppm at 
only 0.4 eqv. Cl'.
0  eqv. Cl'
8 . 5 8 . 010.0 9 . 5 9 . 01 0 . 5 ppm
Figure 2-22 *H-NMR shifts of characteristic protons of 7*DB at 0 and 0.4 eqv. BU4 NCI
The second biggest downfield shift belongs to proton (0 ) o f the uncomplexed thread, 
while (h) comes third. For a more thorough comparison the thread 7 [BF^fe itself was 
titrated with B 114N C I  without any crown ether present. The concentrations and the 
conditions were identical with the titration of 7»DB. The chemical shifts o f individual 
protons are given in tables and plotted on charts in Appendix 1, allowing direct 
comparison for each hydrogen atom in the uncomplexed thread; the complexed thread 
(denoted with an asterisk); and the crown-free thread (denoted as “free”). All graphs are 
scaled to 0.6 eqv. C f, which is the precipitation point in the titration o f 7 [BF^fe. Figure
48
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2-23 illustrates the small change in the magnetic environment of the amide proton when it 
is complexed with DB (v*). Much greater is the interaction o f the uncomplexed one (v). 
The greatest response appears from the crown-free thread (in yellow) which is expected 
given the fact that the detected signal is averaged.
The signal from (v*) has a 
lower starting frequency 
which indicates a shielding 
effect from the crown ether 
benzene rings. The same is 
true for (q*), (r*), (f*) and 
(s*) which are not hydrogen 
bonded to the crown 
macrocycle. Proton (o*) 
remains undisturbed in the 
pseudorotaxane, while 
significantly binding the 
chloride without DB 
















Figure 2-23 Chemical shifts of proton “v” for 7 and 








LOood cod o codCMoo
eqv. Cl'
Figure 2-24 Chemical shifts of proton V  for 7 and 
7*DB upon titration with B 114N C I
Curiously, the same trend 
is observed for proton (s), 
which is not apparently
acidic. The downfield shift o f (i) shown in Figure 2-25 is not a surprise, given the
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Figure 2-25 Chemical shifts of proton “i” for 7 and 
7»DB upon titration with B 114N C I
proximity o f the two 
positively charged nitrogen 
atoms with their strong 
electrostatic affinity for the 
anion. The remaining 
protons are mostly 
unaffected in either the 
complexed or the 
uncomplexed species.
Based on these results it can be concluded that the pseudorotaxane itself does not bind 
anions. This precludes the possible ion-binding equilibrium from Figure 2-5 and confirms 
Kjb = 0. The lowering of Ka,exp is indeed a result of the combined effect of the overall 
increase in the anion concentration; and to a greater extent due to the decrease o f Kjpd 
caused by ion-pairing of the thread with Cf. The greater downfield shifts for protons (v),
(o), (h), (i), and (s) in the uncomplexed threads suggest the chloride binds to all of them 
while occupying the plane of the two pyridinium rings, much like in the schematic 
representation of Figure 2-26. The atoms (q), (r), and (p) are pointing away from the 
anion and show no downfield shifts associated with hydrogen bonding.
These experiments show that the solubility 
limitations cannot be easily overcome. The 
effect of highly soluble group functionalities is 
efficiently countered by the presence of two or 
three positive charges. Strong ion-pairing
Figure 2-26 Planar anion binding
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reduces KjPd and consequently Ka.eXp, but at the same time results in precipitation. 
Achieving full decomplexation for pseudorotaxanes upon treatment with anions should 
be pursued in higher polarity media. Although there are limits, since this would decrease 
the strength of all interactions, it would allow for a complete study by increasing the 
solubility and delaying precipitation.
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2.3 Experimental
General Comments. Unless otherwise specified, all reagents were purchased from 
Sigma-Aldrich and used as received. All deuterated solvents were purchased from 
Cambridge Isotope Laboratories and used as received. 'H-NMR spectra were recorded on 
Bruker Avance 500 and 300 instruments. Mass spectroscopy analyses were performed on 
Micromass LCT - Electrospray Ionization Time-of-Flight Mass Spectrometer.
(i) Preparation o f  I.
Nicotinamide (1 g, 8.2 mmol) and 1,2-dibromoethane (5 ml, 58 mmol) were dissolved in 
acetonitrile (30 ml) and the resulting pale yellow solution was refluxed for 2 days. White 
solid (1.77 g) was isolated by vacuum filtration and redissolved in boiling methanol (100 
ml). The mixture was filtered hot to remove the undissolved symmetrically substituted 
bis(nicotinamide)ethane. The filtrate was concentrated on a rotary evaporator and a white 
solid was filtered to yield 1 [Br'] (1.36 g, 54%). TLC in System 3: R f = 0.60. 'H-NMR in
D20  at 500 MHz:
1 [Br ] in D20
multi- # J
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(ii) Preparation o f 2 [Br'k-
1 [Br'] (0.26 g, 0.84 mmol) and nicotinamide (0.10 g, 0.84 mmol) were heated in 
nitrobenzene (40 ml) at 180 °C for lh. The reaction mixture was filtered hot to collect 
brown crystals, which were washed thoroughly with acetonitrile to yield 2 [Br ' ] 2  (0.19 g, 
53%). TLC in System 3: R f = 0.37. Anion Exchange: 2 [Br ' ] 2  (0.19 g, 0.44 mmol) was 
dissolved in distilled water (5 ml) at 60 °C. Silver triflate (0.23 g, 0.90 mmol) was added 
and after 10 min of stirring the resulting AgBr solid was filtered through celite. The 
filtrate was cooled gradually to form yellow needle shaped crystals, which were collected 
by vacuum filtration to afford 2 [O T f ] 2  (0.20 g, 80%). 'H-NMR at 500 MHz:







0 9,4 s 2 -
P 9,08 d 2 5,89
q 9,03 d 2 8,02
r 8,29 t 2 -
U' 5,43 s 4 -
2 [Br']2 in D20






0 9,32 s 2
P 8,98 d 2 6,07
q 8,94 d 2 8,15
r 8,19 t 2 -
U' 5,34 s 4 -
h2n
53
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(iii) Preparation o/'N-butyl nicotinamide.
N-Butyl nicotinamide was prepared according to literature methods46. TLC in System 3: 
R f= 0.85. !H-NMR at 500 MHz:















(iv) Preparation o f  3.
N-butyl nicotinamide ( 8  g, 44.8 mmol) and 1,2-dibromoethane ( 8  ml, 92.8 mmol) were 
refluxed in acetonitrile (20 ml) for 5 days to form white solid, which was filtered hot and 
washed well with acetonitrile, yielding 0.41 g (3.4%) of 3 [Br"]2 . TLC in System 3: R f = 
0.70. Anion exchange: 3 [Br' ] 2  (0.41 g, 0.75 mmol) was dissolved in a minimum amount 
o f hot water to form a clear solution. NaBF4  (0.5 g, 4.5 mmol) was added and the solution 
was boiled for 2 min. Colourless crystals grew after gradual cooling and they were 
collected by vacuum filtration to give 0.34 g (81%) 3 [BFf^. 'H-NMR at 500 MHz:
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0 9,22 s 2
P 9,07 d 2 6,24
q 8,96 d 2 8,26
r 8,27 t 2 -
i 5,42 s 4 -
a' 3,41 t 4 -
b' 1,59 m 4 -
c' 1,36 m 4 -
d' 0,9 t 6 -






0 9,65 s 2
p.q 8,9 d 4 -
r 8,19 t 2 -
V 7,91 s 2 -
i.i' 5,27 s 4 -
a' 3,44 t 4 -
b' 1,64 m 4 -
c' 1,44 m 4 -




(v) Preparation o/N-phenyl nicotinamide.
N-Phenyl nicotinamide has been prepared before52. Our method employed a 
modification o f an existing procedure4 7  for amide synthesis using acyl chloride and an 
amine as reactants. Nicotinoyl chloride hydrochloride ( 6  g, 33.7 mmol) was dispersed in 
chloroform (40 ml) in a 3-neck round bottom flask, equipped with a reflux condenser and 
a dropping funnel. Nitrogen was purged through and CaCh tubes were attached. A 
solution of aniline (3.1 ml, 33.7 mmol) and triethylamine (10 ml, 71.7 mmol) in 
chloroform ( 2 0  ml) was added slowly dropwise while stirring so that no white fumes 
could escape. The resulting yellow mixture was refluxed overnight. The flask content was 
then transferred to a separation funnel and washed with distilled water (20 ml). The
55
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acidity of the aqueous layer was tested with a pH paper. If tests showed the aqueous layer 
to be acidic, 10 % Na2 CC>3 solution was added instead until pH~ 8  o f the aqueous layer. 
More chloroform was added when separation was difficult. After several aqueous 
washings the organic layer was dried with anhydrous MgSCL and the solvent removed 
under vacuum to give beige solid material. It was recrystallized from acetonitrile. White
crystals were filtered, washed with diethyl ether, and dried to yield 2.5 g (37%) N-phenyl 
nicotinamide. TLC in System 3: R f = 0.87. 'H-NMR at 500 MHz:











N-(2-Bromoethyl)dipyridyl was prepared according to a reported procedure49. TLC in 
System 3: R f = 0.53. 1 H-NMR at 500 MHz:
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(vii) Preparation of  4.
A mixture of N-(2-bromoethyl)dipyridyl [Br] (1.45 g, 4.2 mmol) and N-phenyl
nicotinamide (0.84 g, 4.2 mmol) was heated at ~ 150 °C in nitrobenzene (100 ml) for 5 
h. The precipitate was filtered hot and washed with acetonitrile to yield 1.35 g (61%) o f 4 
[Br'h. TLC in System 3: R f = 0.40. Anion exchange: 4 [Br' ] 2  (1.35 g, 2.49 mmol) was 
dissolved in hot water (10 ml) and lg  charcoal was added. The mixture was boiled for 
about 2 min and filtered through celite. The filtrate was brought to a boil and NaBF4  (1 g,
9.1 mmol) was added. The solution was cooled gradually to form yellow precipitate, 
which was collected by vacuum filtration to afford 0.7 g (51%) of 4 [BFf^. 'H-NMR at
500 MHz:
4 [BF4']2 in d7-DMF
multi- # J
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(viii) Preparation q/'N,N'-dibutyl-3,5-pyridinedicarboxamide. 
N,N'-Dibutyl-3,5-pyridinedicarboxamide was prepared according to literature 








(Hz) -  V ■ *
0 9.04 s 1 - HN 7;.J 1  I  b d
q 8.44 s 2 - 0< r ^ i  0
V 7.2 s 2 -
a' 3.39 q 4 -
b' 1.59 m 4 -
c1 1.41 m 4 -
d’ 0.96 t 6 -
(ix) Preparation o f  5.
A solution o f N,N'-dibutyl-3,5-pyridinedicarboxamide (1.7 g, 6.1 mmol) in 1,2- 
dibromoethane (40 ml) was heated at 80 °C for 2 days. Brown oily product settled down 
after the mixture was allowed to cool. It was collected by decanting the solvent. Upon 
addition of acetonitrile (about 3-5 ml) white powder precipitated. After cooling in the 
freezer overnight the solid was filtered, washed with diethyl ether and dried to yield 1.5 g 
(53%) of 5 [Br']. TLC in System 3: R f = 0.85. Anion exchange: 5 [Br'] (1.5 g, 3.22 
mmol) was dissolved in water (10 ml). The solution was brought to a boil and NaBF4  (lg ,
9.1 mmol) was added, which resulted in the formation of brown oil. After cooling in the 
refrigerator the brown material was collected by decanting the solvent, and redissolved in 
isopropanol (about 10 ml). White solid precipitated after cooling in the freezer and it was 
filtered, washed with diethyl ether and dried to afford 0.90 g (58%) o f 5 [BF4']. 'H-NMR 
at 500 MHz:
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5 [Br ] in CD3CN
proton ppm multi- # plicity protons
3J
(Hz)
q 10,27 s 1
0 9,42 s 2 -
V 9,16 s 2 -
i 5,16 t 2 -
i' 4,02 t 2 -
a1 3,46 q 4 -
b' 1,69 m 4 -
c' 1,45 m 4 -
d’ 0,96 t 6 -
5 [BF4 ] in CD3CN




q 9,36 s 1
0 9,26 s 2 -
V 7,89 s 2 -
i 5,05 t 2 -
i' 4,00 t 2 -
a’ 3,44 m 4 -
b' 1,63 m 4 -
c’ 1,43 m 4 -





(x) Preparation o/N-(4-ter/-butylphenyl) nicotinamide:
N-(4-ferf-Butylphenyl) nicotinamide has been prepared before53. Following the
procedure outlined in (v), a solution of 4-fert-butyl aniline (11 ml, 67 mmol) and
triethylamine (20 ml, 143 mmol) in chloroform (30 ml) was added dropwise to a mixture
of nicotinoyl chloride hydrochloride (12 g, 67 mmol) in chloroform (50 ml). The
resulting yellow mixture was refluxed for 24 h, then washed with distilled water in a
separatory funnel. The organic layer was dried with anhydrous MgSC>4 , and the solvent
removed on a rotatory evaporator. The remaining solid was recrystallized from
acetonitrile and beige crystals were collected by vacuum filtration, washed with diethyl
ether, and dried to afford N-(4-terf-butylphenyl) nicotinamide (12 g, 70%). TLC in
59
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System 3: R f = 0.90. ESI-MS: Calculated mass = 255.1497 (M+ [H+]); detected mass =
255.1493 (-1.7 ppm). JH-NMR at 500 MHz:
N-(4-tert-Butylpheny 1) nicotina m ide
_____________ in CD3CN_____________
multi- # J









(xi) Preparation o f  6 .
A mixture of N-(4-terf-butylphenyl) nicotinamide (1.7 g, 6 . 6  mmol) and N-(2- 
bromoethyl) dipyridyl [Br'] (2.3 g, 6.7 mmol) were refluxed in propionitrile (50 ml) for 
2 days. The yellow dense reaction mixture was filtered hot through a preheated Buchner 
funnel; the precipitate was washed well with acetonitrile and dried to afford 2.4 g (61%) 
of 6  [Br']2. Anion exchange: 6  [Br' ] 2  (1.4 g, 2.3 mmol) was dissolved in boiling water (~ 
10 ml) to give brown clear solution. After the addition of NH 4 BF4  (1 g, 9.5 mmol) the 
solution was boiled for 2  min, then cooled gradually to form a yellow crystalline 
precipitate. The solid was collected by vacuum filtration, washed with some cold water, 
and dried to yield 0.85 g (60%) of 6  [BF4 ']2. Similarly, 6  [Br' ] 2  (1 g, 1.67 mmol) was 
anion exchanged with sodium triflate (lg , 5.81 mmol) to give 0.3 g (25%) o f 6  [O Tf ] 2  in 
the form of pale yellow crystals. TLC in System 3: R f = 0.46. ESI-MS: Calculated mass 
= 517.1603 (M+ [Br']); detected mass = 517.1602 (-0.2 ppm). 'H-NMR at 500 MHz:
60
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0 9,40 s 1 - 0 9,48 s 1
V 9,30 s 1 - h 9,19 d 2 6 , 6 6
q 9,04 d 1 8,12 P 9,16 d 1 6,07
h 8,96 d 2 6,19 q 9,11 d 1 8,11
e 8,92 d 2 5,45 e 8,98 d 2 6 , 6
P 8,88 d 1 5,98 g 8,61 d 2 6,67
g 8,46 d 2 6,3 f 8,42 d 2 6,34
r 8,26 t 1 - r 8,33 t 1 -
f 8,11 d 2 5,47 s,t’ 7,50 m 4 -
s 7,67 d 2 8,33 i,i' 5,52 s 4 -
t’ 7,49 d 2 8,46 u' 1,28 s 9 -
y 5,28 s 4 -
u’ 1,34 s 9 -
(xii) Preparation o f l .
6  [Br ' ] 2  (1 g, 1.7 mmol) was dissolved in a mixture of nitromethane (50 ml) and water 
(10 ml). Bromorpethyl-benzene (0.6 ml, 5 mmol) and NaBF4  (1.1 g, 10 mmol) were 
added and the resulting two-layer solution was heated at 60 °C for 3 days. The yellow 
nitromethane layer was then collected in a separatory funnel, washed with 2  x 1 0  ml 
water, then dried with anhydrous MgSC>4 . After removing the solvent in a rotatory 
evaporator the solid was stirred in acetonitrile (40 ml) and vacuum filtered through celite 
to remove any unreacted 6  [BF4 ']2 - The filtrate was concentrated and the resulting ivory 
precipitate was filtered, washed with diethyl ether, and dried to yield 0.64 g (48%) o f 7
61
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[BF4']3. TLC in System 3: R f = 0.43. ESI-MS: Calculated mass = 703.3026 (M+ [BF4']2);
detected mass = 703.3060 (4.9 ppm). 'H-NMR at 500 MHz:
7 [BF4 |3inC D 3CN
, multi- # 3J
pro on ppm p|jcjty protons (Hz)
0 9,41 s 1 -
V 9,3 s 1 -
q,h,e 9,05-9,00 m 5 -
P 8,88 d 1 6,09
g 8,49 d 2 6,82
f 8,43 d 2 6,6
r 8,26 t 1 -
s 7,68 d 2 8,64
c,b,a 7,53 s 5 -
t' 7,49 d 2 8,66
d 5,45 s 2 -
U' 5,32-5,25 dt 4 -
u' 1,35 s 9 -
(xiii) Preparation o f  8 .
Compound 8 has been prepared by a similar procedure54. 1-Bromobutane (3.4 ml, 32 
mmol) was added to a solution of 4,4’-dipyridyl (5 g, 32 mmol) in acetonitrile (40 ml). 
The mixture was gently refluxed for 1 day, then cooled to room temperature and filtered 
through a Buchner funnel to collect a yellow-green product. The solid was dissolved in 
95% ethanol (50 ml) and filtered through celite to remove the concomitant symmetrical 
N,N’-dibutyl-4,4’-dipyridinium bromide. The filtrate was concentrated on a rotary 
evaporator; the precipitate was filtered, washed with diethyl ether, and dried to give 5 g 
(53%) o f 8  [Br']. 'H-NMR at 500 MHz is consistent with the reported spectroscopy data:
62
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(xiv) Preparation o f  9.
8  [Br'] (2.5 g, 8.5 mmol) was dispersed in 1,2-Dibromoethane (30 ml) and heated to -80  
°C to give a clear solution. Yellow precipitate formed over 3 days of heating at that
temperature. It was filtered, washed with acetonitrile, and dried to afford 2.8 g (6 8 %) o f 9 
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(xv) Preparation of 10.
N-(4-tert-Butylphenyl) nicotinamide (1 g, 3.9 mmol) and 9 [Br' ] 2  (2 g, 4.1 mmol) were 
dissolved in acetonitrile (40 ml). Methanol (10 ml) was added and the resulting green 
cloudy mixture was refluxed for 3 days, producing yellow powder. The reaction content 
was filtered hot and the precipitate was washed with methanol to remove any unreacted 9 
[Br']2 . The solid was then washed with diethyl ether and dried to yield 1 . 1  g (38%) of 10 
Anion exchange: 10 [Br' ] 3  (1.1 g, 1.5 mmol) was dissolved in boiling water (20 
ml) to form a clear brown solution. NaBF4  (1 g, 9.1 mmol) was added and the solution 
was boiled for ~ 2 min, then allowed to cool gradually. Brown precipitate was collected
by vacuum filtration, washed with water, and dried to afford 0.75 g (6 6 %) of 10 [BF4 ~]3. 
ESI-MS: Calculated mass = 669.3182 (M+ [BFfh); detected mass = 669.3182 (0.0 ppm). 
1 H-NMR at 500 MHz:
10 [BF4 ]3 in CD3CN
multi- # J
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(xvi) Preparation of  pseudorotaxane 3»DB.
3 [BF4 ' ] 2  (1 ml, 2x1 O' 3  M solution in methanol) was mixed in a vial with dibenzo-24-
-2
crown- 8  (1 ml, 2x10’ M solution in dichloromethane). The solvents were evaporated 
under vacuum and the remaining solid was further dried under deep vacuum for 60 min. 
The dry solid was then redissolved in C D 3 C N  (1 ml) to give a yellow solution, which was 
transferred quantitatively to an NMR tube. The 1 H-NMR spectrum at 500 MHz and room 
temperature revealed a pseudorotaxane complex was forming at a rate comparable to the 
NMR time scale, resulting in averaged peaks and significant loss o f multiplicity. Distinct 
peaks:
multi- # J
plicity protons (Hz)proton ppm
(xvii) Preparation o f  pseudorotaxane 6 *DB.
6  [O Tf ] 2  (0.5 ml, 0.01 M solution in methanol) was mixed in a vial with DB (0.5 ml, 
0.01 M solution in dichloromethane). The solvents were evaporated under vacuum and 
the remaining solid was further dried under deep vacuum for 60 min. The dry solid was 
then redissolved in CD3 CN (0.5 ml) to give a pale yellow solution, which was transferred 
quantitatively to an NMR tube. The 1 H-NMR spectrum at 500 MHz and room 
temperature contains averaged peaks with reduced resolution, typical of a complex 
formation comparable to the NMR time scale. Distinct peaks:
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multi- # J
plicity protons (Hz)proton ppm
(xviii) Preparation o f  pseudorotaxane 10»DB.
-5
10 [BF4 ' ] 3  (0.5 ml, 2x10' M solution in acetonitrile) was mixed in a vial with DB (0.5 ml, 
2x1 O' 3 M solution in acetonitrile). The solvents were evaporated under vacuum and the 
remaining solid was further dried under deep vacuum for 30 min. The dry solid was then 
redissolved in CD3CN (0.5 ml) and d-DMF (50 pi) to give an orange solution, which was 
transferred quantitatively to an NMR tube. The 1 H-NMR spectrum at 500 MHz and -10 
°C shows the characteristic averaged peaks with reduced resolution, typical o f a complex 
formation comparable to the NMR time scale. Distinct peaks:
m ulti- # J
plicity protons (Hz)proton ppm
N -B u
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(xix) Preparation o f  pseudorotaxane 7»DB.
7»DB complex was prepared at two different concentrations: a) 7 [ B F ^  (0.5 ml, 0.01 M 
solution in acetonitrile) was mixed in a vial with DB (0.5 ml, 0.01 M solution in 
dichloromethane). The solvents were evaporated under vacuum and the remaining solid 
was further dried under deep vacuum for 60 min. The dry solid was then redissolved in 
CD3 CN (0.5 ml) to give an orange solution, which was transferred quantitatively to an 
NMR tube. The 1 H-NMR spectrum at 500 MHz and room temperature revealed two well- 
defined sets o f peaks for the uncomplexed and the complexed thread, indicating a slow 
equilibrium to the NMR time scale, b) 7 [BFTk (0.5 ml, 0.002 M solution in acetonitrile) 
was mixed in a vial with DB (0.5 ml, 0.002 M solution in acetonitrile). The solution was 
treated as described in (a). 1 H-NMR spectrum was taken at 500 MHz and room 
temperature:
7»DB in CD.CN












0* 9,73 s 1 s* 7,60 d 2 8,55
h* 9,32 d 2 6,66 t* 7,52 d 2 7,27
P* 9,18 d 1 6,05 (c,b,a)* 7,51 s 5 -
e* 8,92 d 2 6,67 k* 6,65 m 4 -
v* 8,87 s 1 - j* 6,58 m 4 -
q*,g 8,46 d 3 6,81 d,d* 5,83 s 4 -
g* 8,08 d 2 6,69 i*,i'* 5,62 s 4 -
f* 8,05 d 2 6,62 crown,(*) 4.12-3.68 m 48 -
r* 7,95 t 1 - u’* 1,36 s 9 -
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(xx) Titration o f  pseudorotaxane 10»DB.
To an NMR tube containing a solution of 10 [BF4  I3  (2xl0 ‘ 3 M, lxlO ' 6  mol) and DB 
(2x1 O’3  M, lxlO ' 6  mol) in CD3CN (0.5 ml), prepared as described in (xviii), was added 
d-DMF (51 pi). A 0.02 M solution of B114NCI in CD3CN was added to the tube in 
aliquots of 10 pi (0.2 eqv.). After each addition the temperature was lowered to -10°C 
and 'H-NMR spectrum was taken at 500 MHz. The colour o f the solution became 
increasingly paler and precipitation occurred at 0.6 eqv. Cf.
(xxi) Titration o f  pseudorotaxane 7«DB.
The pseudorotaxane 7«DB was prepared as described in (xix b) by mixing 7 [BFTk 
(2xl0 ‘ 3 M, lxlO ' 6  mol) and DB (2xl0 ‘ 3 M, lxlO ' 6  mol) in CD3 CN (0.5 ml). The mixture 
was transferred to a NMR tube and 0.01 M solution of B114NCI in CD3 CN was added in 
aliquots of 10 pi (0.1 eqv.). 'H-NMR spectrum at room temperature was taken after each 
addition. Precipitation occurred at 0.4 eqv. C1‘. Chemical shifts are listed in Appendix 1.
(xxii) Titration o f l  [BF4 I3.
To a NM R tube containing a solution of 7 [BF4']3 (0.5 ml, 2x l0 ' 3 M) in CD3CN was 
added a 0.01 M solution of BU4NCI in CD3CN in aliquots of 10 pi (0.1 eqv.). 'H-NM R 
spectrum at room temperature was taken after each addition. Precipitation occurred at 0.6 
eqv. Cf. Chemical shifts are listed in Appendix 1.
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Chapter 3. Dibenzo[2]Rotaxanes
3.1 Introduction and Hypothesis
3.1.1 Background
Symmetrical rotaxanes are formed by chemically attaching bulky groups (“stoppers”) on 
both ends of the thread in a pseudorotaxane complex, thus interlocking the cyclic 
component and preventing it from dethreading. If the thread from the pseudorotaxane 
already contains one bulky end group, reacting it with different stoppers would lead to 
unsymmetrical rotaxanes. Figure 3-1 is a cartoon representation of such synthesis.
Figure 3-1 Cartoon illustration for the synthesis of unsymmetrical rotaxanes
The cyclic component (in red) used by our group can be a 24-membered crown ether with 
various aromatic substituents, while the linear thread contains a bis(pyridinium)ethane
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recognition site. Metal complexes or large organic alkylating groups, reactive at room 
temperature, are used as stoppers. Rotaxanes formed with dibenzo-24-crown-8 have 
orange colour, due to the n-n stacking interactions between the electron poor pyridinium 
rings and the electron rich crown aromatics. Previous research in our group has revealed 
the crown ether adopts an “S” shape to maximize the n stacking. An example is the X- 
ray structure of symmetrical rotaxane with 4-terf-butyl benzyl stoppering groups and 
DB24C8 crown ether22, shown in Figure 3-2.
Figure 3-2 X-ray structure of a symmetrical dibenzo [2] rotaxane. Some 
H-atoms are omitted for clarity
The colour of dibenzo rotaxanes is deeper compared to the respective pseudorotaxanes of 
equal concentration, because of better 7t-stacking due to the extra positive N+ charge on 
the thread. The crown ether component, as well as the spatial stopper group, increases the 
solubility of the material in low polarity solvents, such as CH3CN, CH3NO2, CH2CI2, and 
CHCI3.
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3.1.2 Hypothesis
The studies on interactions o f interlocked molecules with anions can be extended from 
pseudorotaxanes to rotaxane complexes. Despite being intrinsic to rotaxanes involving 
cationic threads, the effects of the anions have not been studied apart from solubility. By 
designing a rotaxane structure that incorporates an anion receptor site, ion association can 
be enhanced and directed to explore its impact on the molecule.
Experiments with pseudorotaxanes, described in Chapter 2, revealed that strong ion- 
pairing anions, like Cf, compete with dibenzo-24-crown ether for the bis-pyridinium 
ethane recognition site o f the thread, forcing it to “dethread”. 'H-NMR titration data in 
solution o f a pseudorotaxane or thread indicated the anion is being “trapped” within the 
plane of the two pyridinium rings by three major hydrogen bonds (see Figure 2-26). In 
analogous [2 ]rotaxanes, however, this anion preferred site is no longer available, since it 
is already occupied by the crown ether, which cannot dethread. This leaves the 
stereochemical aspect o f ion association for amide-functionalised rotaxanes yet to be 
determined. We hypothesize the possibility of anion induced transitional isomerism 
between rotaxanes having a nicotinamide receptor and two crown recognition sites, 
depicted in Figure 3-3. Given the choice of planar anilide or space demanding 4-tert- 
butylbenzyl neighbouring groups, the dibenzo crown ether would prefer coordination 
closer to the first one, adopting the configuration labelled as State 0. Upon treatment with 
ion-pairing anion like Cl', the crown ether would be “pushed” to the second available site 
(State 1) with the former one being engaged by the anion. If the anion is removed from 
the complex (by adding AgBF4  for example), the crown ether “wheel” could be reversed 
to its original position (State 0).
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Figure 3-3 Anion induced shuttling in dibenzo [2]rotaxanes
In the absence o f a second “wheel” recognition site the a-pyridinium hydrogens remain 
bonded to the oxygens of the crown ether and inaccessible for interaction with the anion. 
This leaves few other distinct hypothetical approaches for the anion binding, generalized 
in Figure 3-4.
Route “A” summarizes dibenzo [2]rotaxanes where the anionic substrate is weakly 
associated with the charged thread. It is mostly electrostatically attracted to the 
pyridinium N+ charges and tries to fit closer to them without being in the way of the 
crown aromatics. The geometrical shape of such complex would not be any different 
from the initial, non ion-paired rotaxane, with possible exception of the amidic NH 
function, which may rotate to accommodate some weak binding to the anion. Such 
binding mode is more viable for weak ion-pairing anions and bulkier ones.
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» '
Figure 3-4 Possible steric interactions of dibenzo [2]rotaxanes with anions
The product in route “B” represents a strong anion-rotaxane ion pair. The anion is held 
tightly and closely by the NH and the hydrogen at 4-position of the pyridinium ring. A 
strong association at the designed receptor “pocket” could bring important consequences 
for the spatial geometry of the molecule in three ways. On one hand, the proximity of the 
negatively charged ion could repel the crown ether’s benzene ring, forcing it to adopt a 
“C” shape around the plane of the 4,4’-dipyridinium unit. This scenario is likely for 
bulkier anions, provided they fit the receptor site. Smaller anions, on the other hand, 
could achieve the same effect by essentially reducing the effective positive charge on the 
N+ atom through tight ion pairing. This hypothesis is supported by recent results from 
Loeb’s research group55. X-ray crystallographic evidence for unusual “C” shape 
conformation of dibenzo-24-crown-8 ether in a rotaxane can be seen in Figure 3-5.
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3-5 X-ray structure of Vella’s “C”-shaped crown in dibenzo[2]rotaxane.
Some H-atoms are omitted for clarity
The electron donating amino group bearing a 3,5-bis-(trifluoromethyl) benzyl substituent 
partially reduces the pyridinium N+ charge through 7i-conjugation. This small change in 
the electrostatic environment of the crown ether is sufficient to force its folding in a “C”- 
shape to maximize its 7i-stacking to the other pyridinium ring.
The third possible approach is to influence an “S”-“C” conformational change by 
designing a receptor, which would change its own shape upon anion binding. A simple 
move in that direction could be the bulk increase on the aniline ring of the thread, 
especially in the 2,6-positions, as illustrated in Figure 3-6.
Figure 3-6 Possible receptor rearrangement from planar to perpendicular position 
upon anion binding
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The typical planar position of the aniline ring would be severely compromised by the 
strength o f the anion binding to the receptor site. Deviation from planarity would 
sterically hinder the aromatics of the crown ether, causing it to “switch” to “C”-shape. 
This hypothesis is corroborated by a crystallographic example from Loeb’s group56, 
represented in Figure 3-7.
Figure 3-7 X-ray structure and ChemDraw representation of “C”-shaped crown rings 
in dibenzo [2] rotaxane polymer. H-atoms are omitted for clarity
The typically planar terpyridine cleft is spatially perturbed when two terpyridine units are 
brought closer together in a complex with Ag+. The steric hindrance, associated with this 
planarity loss explains the preference for “C” shape of the crown ether cycle as opposed 
to the more common “S” shape.
To study the ion interactions, we have chosen the following structures as rotaxane targets:
Figure3-8 Target 
amide receptors for 
dibenzo[2 ]rotaxanes
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3.2 Synthesis and Binding Studies
3.2.1 Synthesis
The threads were synthesized according to the methods already discussed in Chapter 2. 
N-acylation of 2,6-xylidene and 3,5-xylidene with nicotinoyl chloride in CHCI3 led to the 
formation of the new nicotinamides - 3',5'-nicotinoxylidide and 2',6’-nicotinoxylidide in 
good yields. The reaction was carried out in the presence of EtsN as a base and is 
schematically represented in Figure 3-9. Subsequent N-alkylation with N-(2-bromoethyl) 
dipyridyl [Br'] in CH3 CN afforded the unsymmetrical threads 11 and 12 as bromide salts.
R,
R 1 ,R 2
Cl .HCI . H,N—I S  Et3 N, CHCI3
R 1 R 2
- Et3NH+Cr
►
Rj=H, R2=Me: 3 ',5 '-n ico tinoxy lid ide  
R ^ M e , R2=H: 2 ',6 '-n ico tinoxy lid ide
Br
N .2Br
R,=Me, R2=H: 12 (49%)
Figure 3-9 Synthesis of nicotinoxylidide threads
The products were difficult to isolate due to their similar solubility to the starting (2- 
bromoethyl) dipyridyl [Br']. Best reaction yields were achieved with CH3 CN as a solvent.
Dibenzo[2]rotaxanes were prepared in a two-layer reaction as described in Figure 3-10, 
using 11, 12, and 6  as threads and commercially available dibenzo-24-crown-8
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(DB24C8) was added to a solution of the amide-bearing thread, introduced as the [Br'] or 
[ B F 4  ] salt in C H 3 N O 2 / H 2 O ,  forming a pseudorotaxane with a characteristic orange 
colour. The mixture was stirred at room temperature for several days in the presence of 4- 
tert-butyl benzyl bromide, acting as a stopper. Alkylation of the free nitrogen of the 4,4'- 
dipyridyl unit led to the formation of a [2 ]rotaxane.
Figure 3-10 General scheme for the synthesis of dibenzo[2]rotaxanes
A two to three molar excess o f DB24C8 was used to shift the equilibrium to the 
pseudorotaxane and respectively increase the yield o f the rotaxane. Stoppered “naked” 
threads were common by-products and could be isolated and characterized. The poor 
solubility of the starting threads in organic solvents prompted the use o f water. NaBF4  
was added to facilitate the solubility of the threads in the organic phase and anion 
exchange the eliminated bromide ion. The yields are summarized in Table 3-1.



























13-DB [BF4 ' ] 3  (34%) 14»DB [BF4 " ] 3  (50%) 
14 [BF4 - ] 3  (30%)
15»DB [BF4 ' ] 3  (43%) 
15 [BF4  ] 3  (30%)
Table 3-1 Dibenzo [2]Rotaxanes and stoppered threads products from their
corresponding reactants. Isolated yields are given in brackets.
Isolation of the products was achieved by column separation (silica, with System 3 as 
eluent) or by series of extractions. Rotaxane 13»DB [BF4 ' ] 3  was obtained in 34% yield by 
column separation, followed by anion exchange, which is required since 2M NH 4 C1 is 
one o f the components o f the eluent system and the rotaxane is produced as a mixed 
anion salt (Cl" and BF4"). Better yields were possible with rotaxanes 14»DB and 15»DB 
(50% and 43% respectively), partly because anion exchange and the inevitable losses 
associated with it were avoided. Both rotaxanes were isolated by an extraction method: 
the reaction mixture was extracted multiple times with H2 O from CH3NO 2  to remove 
inorganic salts, unreacted thread and some of the stoppered thread. The nitromethane 
layer was evaporated and the solid mixture was extracted multiple times with hot toluene, 
which removes unreacted 4-fert-butyl benzyl bromide and DB24C8, allowing the latter to 
be recycled. The solid mixture, then containing mostly the rotaxane and the stoppered 
thread, was dissolved in a minimum amount o f CH3 CN and centrifuged for 25 min at 
72000 rpm. This caused the less soluble stoppered thread to settle and be collected by
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decantation. The rotaxane was then isolated by concentrating the solution and 
precipitating with Et2 0 . If  its purity was not sufficient, the cycle of extraction was 
repeated. The stoppered threads were purified by recrystallization from CH3 CN.
*H NMR spectra in the region from 10 to 5.5 ppm for rotaxanes 13«DB [BFTb, 14«DB 
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Figure 3-11 ^  NMR spectrum of 13«DB [BFTI3  in the region from 10 to 5.5 ppm
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9 . 5  9 . 0  8 . 5  8 . 0  7 . 5  7 . 0  6 . 5  6 . 0  ppm
Figure 3-12 ^  NMR spectrum of 14«DB [BF4 ' ] 3  in the region from 10 to 5.5 ppm
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Figure 3-13 'H NMR spectrum of 15*DB [BF4 " ] 3  in the region from 10 to 5.5 ppm
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3.2.2 Binding Studies of Rotaxane 13*DB [BF4']3
The receptor’s strength o f binding and the selectivity for different anions was tested by 
titrating rotaxane 13»DB [BF4']3 (0.01 M) with different anions -  F ,  Cl', Br', I', and 
H2PO4'. The NM R titrations were conducted in CD3CN at room temperature. The anions 
were introduced as Bii4N+ salts (0.05 M) in 20 pi aliquots (0.2 eqv. anion) and a 'H-NM R 
spectrum was taken after each addition. Precipitation occurred as early as 1.0 eqv. in the 
case o f  BU4NH2PO4 and 3.2 eqv. for Cl' and Br‘. The solution remained clear only when 
BU4NI was used as a titrant. The anion binding is a rapid process on the NM R time scale
and a single, time averaged 
peak is registered for each 
o f the receptor’s protons. 
The chemical shift o f a 
proton is therefore a 
function o f the amount o f 
anion added, and the 
strength o f its binding by 
the rotaxane. As expected, 
the NH-protons from the 
amide group, labeled “v” experienced the greatest ppm shifts. Their values for the 
different anions are plotted in Figure 3-14. The strongest interaction is attributed to the 
Cl' (A ppm = 2.2 at 1 eqv.), followed by F ' and Br'. Iodide and H 2 P O 4 '  cause small shifts, 
showing weak anion-NH bonds. With the exception o f F', the trend o f binding strength to 












oo COo CD Oc\i csi 00csi CNCO
eqv . anion
Figure 3-14 NM R shifts for proton “v” o f rotaxane 
13«DB [BF4-]3 with various anions
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not fit the proposed receptor site and their binding is weakened by both factors of 
distance and direction.
This assumption is corroborated by the chemical shifts o f proton “q”, plotted in Figure 3-
15. Chloride binds the strongest to “q”, followed by Br'. The bigger H 2 P O 4 '  and I' are
weakly attracted. Quite 
surprisingly, F' appears to 
be held feebly. It could be 
reasoned, that it is too 






Figure 3-15 NMR shifts for proton “q” of rotaxane 










00o CO CMCOo o
eqv. anion
Figure 3-16 NMR shifts for proton "s" of rotaxane 
13*DB [BF4']3 with various anions
The same binding pattern is 
observed for proton “s’, 
which is slightly acidic due 
to the neighboring NHCO- 
group. The titration curves 
are presented in Figure 3-
16. Chloride ranks first in 
binding strength, then Br', 
F", I', and F^POf.
The three examples - “v”, 
“q”, and “s” are the protons 
with the biggest downfield
shifts. It is logical to expect chemical shifts to a weaker magnetic field upon direct anion
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binding, because of the deshielding effect o f the anion on the proton it is attracted to. Any 
upfield shifts therefore can only be an indirect effect of anion binding. Such behaviour is 
revealed for proton “p”, which is involved in hydrogen bonding with the oxygens of the 
crown ether and resonates at a weaker field. The chemical shifts are illustrated in Figure 
3-17. It shifts upfield up to about leqv. o f anion in the case o f Cl' and Br', then gradually 
moves back to a weaker magnetic field. This is caused by the reduced H -0  bonding 
strength and is an indirect effect o f the anion being bound. With F' and H 2 P O 4 '
precipitations occur too 
early to generalize the 
trend, but the direction is 
clear. With I' the receptor 
remains almost unaffected. 
The NMR titrations 
conclude Cl' binds the 
strongest to rotaxane 
13»DB [BF4']3. Less
pronounced is the effect with Br', while I' is bound very weakly. Because of the early 
precipitations, negligible interactions, and the difficult drying of B114NH 2 PO4  and B114NF 











Figure 3-17 NMR shifts for proton “p” of rotaxane 
13*DB [BF4 I3  with various anions
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3.2.3 Binding Comparisons for Dibenzo[2]Rotaxanes
In order to study the binding pattern and compare the strength and selectivity across
v a r io u s  d ib e n z o  [2 ] r o ta x a n e s ,  NMR t i t r a t io n s  w i th  BU 4N C I , B iM N B r a n d  B 114N I  w e r e
conducted on rotaxanes
14-DB [BF4  h  and 15*DB
[b f 4-]3. The halides were
introduced as 0.05 M
solution in CD3 CN in 20 pi
(0.2 eqv.) aliquots. The
rotaxanes were used as
0.01 M (0.5 ml) solution in 
Figure. 3-18 Shift comparison for proton “v” of
dibenzo [2] rotaxanes with Cl' CD3 CN. Titrations were
carried out at room
temperature. Precipitations
occurred at 3.2 eqv. for C f
and Br'. Chemical shifts of
different protons as a
function of the titrant used
were plotted for rotaxanes
13«DB [BF4']3, 14»DB
[BF4']3, and 15»DB [BF4']3
with each of the anions. For
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Figure 3-19 Shift comparison for proton “v” of 
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with the three halides. 
Similar to 13«DB, the 
strongest interaction of 
rotaxanes 14»DB and 
15*DB was with Cl". The 
greatest shift was 
experienced by the amido 
proton “v”, plots for which 
are shown in Figure 3-18. 
The titration curves indicate no apparent difference in binding strength among the three 
hosts. Slightly stronger binding of Br’ and I" by 14*DB and 15«DB is observed in 
comparison to 13*DB. The titration results with Br" and I" are graphically represented in 
Figure 3-19 and Figure 3-20 respectively. Although the chemical shifts to weaker
magnetic field appear smaller for rotaxane 13»DB, it is not always accurate to estimate
the binding strength by the shape of the curve. Strong binding’s curves have steep slopes 
and reach a “plateau” at saturation point, but if  the interaction is weak, the shape is not so 
well defined. In order to get some numerical values for the magnitude o f the interactions 
we have used the EQNMR software product , which calculates stability constants from 
NMR chemical shift data. The constants KasS0C [M"1] generated for 1:1 binding were 
determined based on the chemical shifts of proton “v” at the 0.01 M concentration o f the 
rotaxanes and 0.05 M Bu4 N+X’. Their values are given in Table 3-2. The strength of 
anion binding decreases 3-5 times from Cl" to Br" to I" for each of the rotaxane receptors. 
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Figure 3-20 Shift comparison for proton “v” of 
dibenzo [21 rotaxanes with I"
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K a constants for Dibenzo-24-crown-8 Rotaxanes
Bu4N+
X
13«DB [BF4 ]3 14*DB [BF4 ]3
/ «N' V - x ^
h- O M
15*DB |B F4 13
c r 435 ±45 348 ±21 422 ±17
Br' 82 ±8 90 ±9 101 ±10
I' 20 ±75 17 ±2 16 ±2
Table 3-2 Ka constants [M'1] of dibenzo[2]rotaxanes, calculated by EQNMR
The three dibenzo- 
[2 ]rotaxanes do not exhibit 
noticeable differences in 
selectivity of proton “q” 
for the given anions. The 
chemical shifts o f proton 
“q” with Cl', Br', and I' are 
plotted in Figure 3-21, 
Figure 3-22, and Figure 3- 
23 respectively. Quite surprisingly, the “q” proton in 15»DB [BFTb appears to bind Br' 
and I' slightly better than 13«DB and 14«DB, despite the steric interference of the Me- 
groups in the 2- and 6 -positions. This phenomenon could also be explained with the 
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Figure 3-21 Shift comparison for proton “q” of 
dibenzo[2]rotaxanes with Cl"






























Figure 3-23 Shift comparison for proton “q” of 
dibenzo [2] rotaxanes with I'
Other protons experience 
much less influence 
expressed as chemical 
shifts to a weaker magnetic 
field. Comparative plots for 
protons “o”, “e”, “g”, “f” , 
“t”, “f ”, and “b” are
enclosed in Appendix 1. 
Compared to 13»DB, 
proton “s” from rotaxane 
14«DB shows almost the 
same relative shift to a 
weaker field with either CF, 
Br', or I", as seen from 
Figure 3-24, Figure 3-25, 
and Figure 3-26. The major 
difference is the starting 
resonance. In 14»DB the
signal for “s” resonates at a higher magnetic field than its analog in 13*DB, most likely 
because o f the resonance imposed partial negative charge from the Me-groups in the 2- 
and 6 -positions of the aniline. The overall response to the interaction substantially 
decreases from CF to Br' to I’.
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Figure 3-24 Shift 
comparison for proton “s” 
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Figure 3-25 Shift 
comparison for proton “s” 
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Figure 3-26 Shift 
comparison for proton “s” 
o f dibenzo [2 ]rotaxanes 
with I'
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Figure 3-28 Shift comparison for proton “p” of 
dibenzo [2]rotaxanes with Br'
Proton “p” exhibits the 
same peculiar behaviour in 
14»DB and 15«DB, as
already seen in the 
titrations of 13*DB. 
Chemical shifts of “p” for 
Cl', Br', and I" are plotted 
in Figure 3-27, Figure 3- 
28, and Figure 3-29. In all 
three rotaxanes the peak of 
proton “p” initially shifts to 
a stronger magnetic field 
(up to ~ 1 eqv.) with Cl- 
and Br-, then steadily 
climbs to a weaker field 
reaching as much as 9.27 
ppm at 3.2 eqv. in the case 
o f Cl'. Rotaxane 14»DB
displays the biggest difference from lowest to highest ppm value upon treatment with CF, 
followed closely by 15»DB. Curiously, the amount of anion for which the lowest ppm 
value is registered, is slightly different for 13«DB (at ~1 eqv. Cl'; Br'), 14»DB (0.6 eqv. 
Cl'; 1 eqv. Br‘), and 15«DB (0.5 eqv. CF; Br ). Such phenomena are generally attributed 
to different binding modes. Yet, the possibility o f binding stoichiometry other than 1:1 is
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Figure 3-29 Shift comparison for proton “p” of 
dibenzo[2]rotaxanes with I'

















Figure 3-30 Shift comparison for proton “u'” of 
dibenzo [2]rotaxanes with CF
P
O '?
Figure 3-31 Illustration of planarity loss for 
15»DB upon anion binding
not corroborated by the 
least squares fit calculated 
in EQNMR. BU4 NI does 
not affect “p” in any of the 
rotaxanes.
The unusual, from a steric 
point of view, slightly 
stronger binding of anions 
from proton “q” of 
rotaxane 15»DB relative to 
14*DB (seen from Figure 
3-21, Figure 3-22, and 
Figure 3-23) supports the 
possible rotation o f the 
aniline ring to minimize 
any steric interference
between the Me-groups and 
the anion. A direct
comparison between the 
chemical shifts o f the 
methyl protons “u”’ in 
14»DB and 15»DB reveals 
their opposite behaviour.
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Figure 3-30, Figure 3-32 
and Figure 3-33 represent 
the titration plots for “uf” 
with Cl", Br', and F 
respectively. With either 
Cl", Br", or I", the change 
for 14*DB is smaller than 
the response of 15»DB, and 
also in the opposite 
direction. While “u'” in 
14«DB shifts to a stronger 
magnetic field (indicative 
of shielding from the anion, 
crown aromatics), its 
analog in 15»DB 
experiences a downfield
Figure 3-33 Shift comparison for proton “u'” of 
dibenzo[2]rotaxanes with I"
shift. Since the methyl 
protons are not directly 
involved in hydrogen bonding, the only possible explanation for the deshielding would 
come from reduced 7i-stacking as a result of lost planarity of the xylidene-nicotinamide 
system, as depicted in Figure 3-31. The overall effect decreases in the order C F>B r'>r.
A more conclusive picture of anion binding in solution, titration comparisons between 
dibenzo-, dinaphtho- and naphtho[2]rotaxanes are discussed in Chapter 6 .
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3.2.4 X-Ray Structure Determination
General comments for X-ray Crystallography. Crystals were mounted in a cryoloop 
with paratone oil or on a short glass fibre attached to a tapered copper pin. The crystals 
were cooled to 173 K (unless specified otherwise) and a full hemisphere o f data was 
collected with 10, 20 or 30 s frames on a Briiker APEX CCD single crystal 
diffractometer, operating with Mo-Ka radiation (X = 0.71073 A). Decay (<1%) was 
monitored by 50 standard data frames measured at the beginning and end of data 
collection. Diffraction data and unit-cell parameters were consistent with the assigned 
space group. Lorentzian polarization corrections and empirical absorption corrections, 
based on redundant data at varying effective azimuthal angles, were applied to the data 
set. The structures were solved by direct methods, completed by subsequent Fourier
'y
syntheses and refined with full-matrix least-squares methods against |F | data. All non­
hydrogen atoms were refined anisotropically. All hydrogen atoms were treated as 
idealized contributions. Structure solutions and refinements were performed using 
SHELXTL 5.03 program. All CIF files generated for the obtained crystal structures are 
recorded on the CD attached to the inside back cover of this thesis.
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3.2.4.1 X-ray structure of rotaxane 13»DB [OTf ] 3
H26A'
Single crystals of 
13*DB [O Tf ] 3  were 
grown by slow 
evaporation from 
CH3 CN solution of 
13-DB [BF4 ]3,
saturated with
NH4 OTf. The X-ray 
structure revealed an 
“S” -shaped crown 
ether, with one 
benzene ring n- 
stacking to a planar 
pyridinium-CONH-4- 
tert-butyl phenyl 
system. One o f the 
anions is bound to the 
amidic receptor site.
Figure 3-34 X-ray structure of rotaxane 13*DB [OTf]3. Selected bond distances and 
angles: N l - 0 1 7  = 3.6225(5) A, N 3-O 10 = 3.0633(4) A, N 4 -0 1 3  = 3.0667(5) A, N4- 
H 4D -013  = 161.05(3)°, C 2 6 -0 1 3  = 3.4103(5) A, C26-H 26A -013 =155.4(3)°, C31- 
013 = 3.4806(5) A, C31-H 31A -013 = 138.92(2)°
The hydrogen-anion distances are typical for anion binding and the angles are consistent 
with the exception of C31-H31 A--013  (138°).
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3.2.4.2 X-ray structure of rotaxane 13«DB [BF4 _] 3
Figure 3-35 X-ray structure of rotaxane 13»DB [BF4 _]3 . Selected bond distances and 
angles: N 1 -F 2  = 2.912(1) A, N 1-H 1A -F2 = 154.59(5)°, N 2 -F 4  = 2.945(1) A, N 3-F 5  
= 2.916(1) A, N 4 -F 9  = 4.291(2) A
The X-ray analysis o f a single crystal o f 13»DB [BF4 ']3 , obtained by slow evaporation 
from CHsCN/EtiO show how weak coordinating anion fail to “lock” the receptor amide 
pocket in the pyridinium plane. The anion is on top of it. The crown ether is “S’-shaped.
94
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Figure 3-36 X-ray structure o f rotaxane 13»DB [I']3 . Selected bond distances and 
angles: N 1 -I2  = 4.074(1) A, N 1-H 1A -I2 = 151.42(5)°, N 2 -I2  = 3.555(1) A, N 3-I1  = 
3.609(1) A, N 4 -I3  = 3.968(1) A
Crystals were grown by slow evaporation from ClfrCN/'P^O solution o f 13»DB [BF4']3, 
saturated with BU4NI. The NH—I2 bond is consistent with weak binding in solution.
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3.2.4.4 X-ray structure of rotaxane 14»DB [BF^fc
Figure 3-37 X-ray structure of rotaxane 14»DB [BFTk. Selected bond distances and 
angles: N 1-F 12  = 3.011 1(9) A, N1-H1B-F12 =153.83(3)°, N 2 -F 2  = 3.6692(9) A, 
N 3 -F 8  = 4.493(1) A
Single crystals were obtained by slow evaporation from CHaCN/'P^O. The generated X- 
ray structure displays a planar receptor unit and “S” -shaped crown ether. The N1—F12 
distance is short enough for binding consideration, but the anion itself is out of plane.
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Single crystals o f 14»DB [Br' ] 3  were 
obtained by slow evaporation
technique from CffjOH/'P^O solution 
o f 14»DB [BF4 ]3, saturated with 
BcLtNBr. X-ray analysis with
reasonable accuracy revealed a planar 
pyridinium-xylidide system and an 
“S”-shaped crown cycle. One bromide 
(Brl) appears to be anion bound by the 
receptor pocket, while the other two 
(Br2 and Br3) are located exactly on 
top of the pyridinium nitrogens. Brl is 
considerably out of plane, and the 
angles of C-H—Brl comply with the 
moderate binding, observed in
solution.
Figure 3-38 X-ray structure of rotaxane 14«DB [Br']3 . Selected bond distances and 
angles: N l - B r l  = 3.3767(9) A, N l-H 4 A -B rl -  155.38(4)°, N 2-B r2  = 3.403(1) A, 
N 4-B r4  = 3.511(1) A, C 7 -B rl = 3.708(1) A, C7-H 7A -Brl = 133.44(4)°, C 1 4 -B rl = 
3.623(2) A, C14-H 14A -Brl = 132.19(4)°
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3.2.4.6 X-ray structure of 15 [Crj3
The crystallization o f the stoppered thread 15 [Cl' ] 3  from CH 3OH/CH 3CN/H2O solution 










Selected bond distances and angles: N T -C  
N 2-C 12 = 3.805(1) A, N 3-C11 = 3.668(1)
structure determination in solid state, as 
shown in Figure 3.39. It confirms the 
expected perpendicular orientation o f the 2 ,6 - 
xylidene ring with respect to the nicotinium 
plane, due to steric hindrance. The three 
anions are attracted to the pyridinium 
nitrogens and all are located on top o f  the 
aromatic rings. The N1-C12 distance and 
bond angle fall within the range o f anion 
interactions (the refined data leaves some 
room for error), but the chloride position 
displays no binding to the a-hydrogens o f the 
ethane-bridged pyridiniums. This major 
difference from the interactions o f “naked” 
threads in solution, determined by 'H-NM R 
spectroscopy, exemplifies the dominating 
role o f crystal packing.
Figure 3-39 X-ray structure o f 15 [Cl‘]3 .
2 = 3.2829(7) A, N 1-H 1A -C12 = 156.35(3)°, 
A, N 4-C 13 = 3.521(1) A
98
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The X-ray structures of rotaxanes 13»DB and 14»DB summarize examples o f dibenzo 
rotaxanes with non-coordinating (BF4 ', OTf) or weakly coordinating ions (I', Br'). They 
all exhibit the “S”-shape crown configuration previously seen in [2] rotaxanes with no 
binding sites. Although the coordinating ability of the anions is a major factor for the 
observed molecular geometry, important contribution might come from the stoichiometry 
of association. The structures with weakly coordinating ions - 13»DB [I' ] 3  and 14«DB 
[B r ] 3  contain three identical counter ions in the solid state, whereas the main interaction 
in solution occurs in 1:1 ratio. However, attempts to grow crystals with mixed anions 
were unsuccessful.
The solid state structure of the crown-free thread 15 [Cl‘ ] 3  falls within the category o f the 
compounds with three identical counter ions. The rules of crystal packing given the three 
N+—C f strong electrostatic attractions preclude possible folding or twisting of the organic 
backbone. Nevertheless, the suggested perpendicular orientation of the 2,6-xylidene 
function with respect to the nicotinium ring is obvious.
Unfortunately, no X-ray quality crystals could be grown from the chloride salts of any of 
the dibenzo[2]rotaxanes. Since the interactions with chlorides are the strongest among the 
anions studied in solution, it is crucial to determine whether these interactions are 
reflected in the solid state structures before drawing any definite conclusions.
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3.3 Experimental
General Comments. Unless otherwise specified, all reagents were purchased from 
Sigma-Aldrich and used as received. All deuterated solvents were purchased from 
Cambridge Isotope Laboratories and used as received. 'H-NMR spectra were recorded on 
Bruker Avance 500 and 300 instruments. All questionable peaks were assigned by COSY 
and NOESY NMR experiments. Mass spectroscopy analyses were performed on 
Micromass LCT - Electrospray Ionization Time-of-Flight Mass Spectrometer. X-ray 
analyses were carried out according to the general procedure for X-ray crystallography, 
outlined in section 3.2.4 o f this chapter.
(i) Preparation q/’3',5'-nicotinoxylidide.
A SciFinder search on this compound revealed no references, but it is available from 
commercial sources. For its preparation we have followed the procedure outlined in 
Chapter 2.3(v). Nicotinoyl chloride hydrochloride (22.8 g, 128 mmol) was dispersed in 
chloroform ( 1 0 0  ml) in a 3-neck round bottom flask, equipped with a reflux condenser 
and a dropping funnel. Nitrogen was purged through and C aC f tubes were attached. A 
solution of 3,5-xylidene (20 ml, 160 mmol) and triethylamine (10 ml, 72 mmol) in 
chloroform (50 ml) was added slowly dropwise while stirring so that no white fumes 
could escape. The resulting dense yellow mixture was refluxed for 2 days. The flask 
content was then transferred to a separation funnel and washed with distilled water (50 
ml). The acidity o f the aqueous layer was tested with a pH paper. If tests showed the 
aqueous layer to be acidic, 10 % Na2 CC>3 solution was added instead until pH~ 8  of the 
aqueous layer. More chloroform was added when separation was difficult. After several
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aqueous washings the organic layer was dried with anhydrous MgSC>4 and the solvent 
removed under vacuum to give white solid material. It was recrystallized from 
acetonitrile. White crystals were filtered, washed with diethyl ether, and dried to yield 
18 g (62%) 3',5'-nicotinoxylidide. TLC in System 3: Rf = 0.85. ESI-MS: Calculated 
mass = 227.1184 (M+ [H+]); detected mass = 227.1188 (1.6 ppm). *H-NMR at 500 MHz:
3',5'-nicotinoxylidide in CD3CN
multi- # J













The preparation of this compound by a different procedure has been reported in 
literature58. We have employed the methodology from Chapter 2.3(v). Nicotinoyl 
chloride hydrochloride (9 g, 50.5 mmol) was dispersed in chloroform (100 ml) in a 3- 
neck round bottom flask, equipped with a reflux condenser and a dropping funnel. 
Nitrogen was purged through and CaCl2  tubes were attached. A solution of 2,6-xylidene 
(10 ml, 80.8 mmol) and triethylamine (4.5 ml, 32.3 mmol) in chloroform (50 ml) was 
added slowly dropwise over 4 hours while stirring so that no white fumes could escape. 
The resulting dense white mixture was stirred at room temperature for 4 days. The flask 
content was then transferred to a separation funnel and washed with distilled water (50 
ml). The acidity o f the aqueous layer was tested with a pH paper. If tests showed the
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aqueous layer to be acidic, 10 % Na2 CC>3 solution was added instead until pH~ 8  of the 
aqueous layer. More chloroform was added when separation was difficult. After several 
aqueous washings the organic layer was dried with anhydrous MgSC>4 and the solvent 
removed under vacuum to give white solid material. It was recrystallized from 
acetonitrile. White crystals were filtered, washed with EtiO, and dried to yield 10.8 g 
(95%) 2',6'-nicotinoxylidide. TLC in System 3: R f = 0.90. ESI-MS: Calculated mass = 
227.1184 (M+ [H+]); detected mass = 227.1178 (-2.8 ppm). 'H-NMR at 300 MHz:















(iii) Preparation o f  11.
3',5'-Nicotinoxylidide (2.8 g, 12.4 mmol) and N-(2-bromoethyl) dipyridyl [Br'J (4.4 g, 
12.8 mmol) were dissolved in CH3 CN (100 ml) to give a dense yellow mixture. B114NI 
(0.4 g, 1.1 mmol) was added as a catalyst and the reaction mixture was refluxed for 6  
days. The reaction content was filtered hot on a Buchner funnel and the precipitate was 
washed well with CH3 CN and dried. The isolated yellow solid (3.9 g) contained 11 [Br ' ] 2  
(3 g by 'H-NMR, 42%) and unreacted N-(2-bromoethyl) dipyridyl [Br‘]. R f = 0.47 in 
System 3. ESI-MS: Calculated mass = 489.1290 (M+ [Br']); detected mass = 489.1304 
(2.9 ppm). Anion exchange: 11 [Br’ ] 2  (3 g, 5.26 mmol) was dissolved in distilled water
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(-50 ml) and the mixture was heated to give a clear brown solution. Upon addition of 
NaBF4  (1.7 g, 15.5 mmol) the solution became cloudy. The mixture was reboiled until the
solution cleared. Upon gradual cooling yellow crystals formed. They were collected by 
vacuum filtration, washed with cold water, and dried to afford 11 [BFTI2  (1.76 g, 57%). 
^ -N M R  at 500 MHz:
11 [BF4-]2 in CD3CN




















(iv) Preparation o f  12.
2',6'-Nicotinoxylidide (1.98 g, 8.75 mmol) and N-(2-bromoethyl) dipyridyl [Br] (3.5 g, 
10.2 mmol) were dissolved in CH3 CN (100 ml) to give a dense yellow mixture. After 
refluxing for 5 days the reaction content was filtered hot on a preheated Buchner funnel 
and the precipitate was washed with CH3 CN and dried to yield 2.84 g of yellow/green 
solid, containing 12 [Br ' ] 2  (2.42 g by 'H-NMR, 49%) and unreacted N-(2-bromoethyl) 
dipyridyl [Br']. R f = 0.45 in System 3. Anion exchange: 12 [Br ' ] 2  (2.42 g, 4.24 mmol) 
was dissolved in distilled water (~60 ml) and the mixture was heated to give a clear
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brown solution. NaBF4  ( 2  g, 18.2 mmol) was added and the mixture was reboiled to 
clear. Upon gradual cooling brown, “tobacco” crystals formed. They were collected by 
vacuum filtration, washed with cold water, and dried to afford 12 [BFT^ (1.65 g, 67%). 
ESI-MS: Calculated mass = 497.2136 (M+ [BF4 ']); detected mass = 497.2138 (0.4 ppm).
H-NMR at 300 and 500 MHz:
V \  O
/  '  + i h g f e'Qrvoo
12 [BF4']2 in D20  (300 MHz) 12 [BF4 ]2 in CD3CN (500 MHz)











0 9.35 s 1 0 9.32 s 1
p.q 9.10 d 2






















p,v,h 8.84 t 4
Jhg = 6.96 
Jpr = 6.84
g 8.50 d 2 6.73 g 8.41 d 2 6.82
f,r 8.30 m 3 6.74 r 8.27 t 1 -
s,t 7.15 m 3 - f 7.82 d 2 6.18
U' 5.40 s 4 - s,t 7.20 m 3 -
u’ 2.02 s 6 - M’ 5.21 m 4 -
u’ 2.25 s 6 -
(v) Preparation o f  rotaxane 13»DB.
6  [Br ' ] 2  (0.83 g, 1.39 mmol) was dissolved in a mixture of CH3NO2  (75 ml) and H20  (25 
ml), giving pale yellow layers. Upon addition o f NaBF4  (0.92 g, 8.31 mmol) the aqueous 
layer decolorized and the nitromethane layer turned yellow. When dibenzo-24-crown-8 
(1.4 g, 3.12 mmol) was added the colour further darkened to orange, indicating the 
formation of a pseudorotaxane. 4-tert-butylbenzyl bromide (0.51 ml, 2.77 mmol) was
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added last and the mixture was stirred at room temperature for 5 days. The deep orange 
nitromethane layer was then separated in separatory funnel and dried with anhydrous 
MgS0 4 . The solvent was removed on a rotary evaporator and the remaining red oil was 
subjected to silica column separation with System 3 as eluent - CH3OH : CH3NO 2  : 
CfbCOOEt : 2M NH 4 CI = 6  : 2 : 1 : 2. The fractions, containing a product with R f = 
0.75 in System 3 were combined and the solvent evaporated to give reddish solid with 
insufficient purity. It was further subjected to column separation using solvent system 
CH3 OH : CH3NO 2  : CfECOOEt : toluene = 4 : 2 : 2 :  0.4. Red solid was collected after 
removing the solvent from the respective fractions to give 1.38 g o f rotaxane 13*DB as a 
mixed anion salt. Anion exchange: 13»DB [Cl' ] 3  (1.38 g, 1.2 mmol) was dissolved in a 
mixture of CH3NO2  (20 ml) and H2 O (10 ml), giving a yellow aqueous layer. NaBF4  (0 . 8  
g, 7.3 mmol) was added, resulting in red CH3NO 2  layer and colourless aqueous one. The 
organic layer was collected in a separatory funnel; dried with anhydrous MgSCU; and the 
solvent was removed on a rotary evaporator. The resulting red solid was decolorized with 
charcoal in boiling CH3 OH (40 ml) and the solution was filtered through a preheated 
Buchner funnel. The filtrate was concentrated and allowed to crystallize. The orange 
crystals were collected by vacuum filtration, washed with water, and dried to afford 
rotaxane 13*DB [BFT] 3  (0.6 g, 34% total yield). R f = 0.75 in System 3. ESI-MS: 
Calculated mass = 1207.5749 (M+ [BF4 _]2); detected mass = 1207.5784 (2.9 ppm). 'H- 
NMR at 500 MHz:
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' h"-
13*DB [BF4 ]3 in CD3CN












0 9,75 s 1 t 7,53 d 2 8,67
h 9,35 d 2 6,94 c 7,49 d 2 8,45
P 9,21 d 1 6,135 k 6,69-6,66 m 4 -
e 8,96 d 2 6,855 j 6,61-6,59 m 4 -
V 8,88 s 1 - d 5,81 s 2 -
q 8,49 d 1 8,235 i,i' 5,65 s 4 -
g 8,14 d 2 6,895 crown 4,08-3,97 m 24 -
f 8,10 d 2 6,87 u' 1,38 s 9 -
r 7,97 t 1 - u 1,28 s 9 -
s,b 7,63-7,59 t 4 -
X-ray crystallography (13»DB [BF4 ~]3 ): orange plates, monoclinic, C l c l (no. 9), a = 
38.811(18), b = 15.140(7), c = 12.376(6) A, p = 103.283(7)°, V = 7078(6) A3, Z = 4, R, = 
0.0893, GOF = 1.012. X-ray (13»DB [I]3): T = 293(2) K, red needles, monoclinic, C l cl 
(no. 9), a = 43.573(16), b = 15.030(6), c = 12.398(5) A, p = 106.007(6)°, V = 7805(5) A3, 
Z = 4, Ri = 0.0940, GOF = 0.960. X-ray (13»DB [O T f ]3): yellow plates, monoclinic, P\ 
2 1 /cl (no. 14), a = 18.480(4), b = 13.043(3), c = 32.352(7) A, p = 103.467(3)°, V = 
7583(3) A3, Z = 4, Ri = 0.0668, GOF = 0.699.
106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(vi) Preparation o f rotaxane 14«DB.
11 [ B F 4 _] 2  (0.94 g, 1.61 mmol) was dissolved in a mixture of C H 3 N O 2  (100 ml) and H 2 O  
(20 ml), giving a pale yellow organic layer. Upon addition o f dibenzo-24-crown-8 (1.5 g, 
3.3 mmol) the colour changed to orange. NaBF4  (0.53 g, 4.83 mmol) and 4-tert- 
butylbenzyl bromide (0.9 ml, 4.9 mmol) were added and the mixture was stirred at room 
temperature for 7 days, during which the colour became reddish. The organic layer was 
then collected in a separatory funnel and washed multiple times with 30 ml portions 
distilled H2 O. After drying with anhydrous MgS0 4  the solvent was removed on a rotary 
evaporator. The remaining solid was extracted multiple times with boiling toluene to 
remove unreacted dibenzo-24-crown-8 and 4-/er/-butyl benzyl bromide and then 
redissolved in a minimum amount of hot C H 3 C N .  The resulting orange/red solution was 
centrifuged at 72000 rpm for 25 min, allowing brown solid to deposit. It was collected by 
decantation -  crude stoppered thread 14 [ B F 4 ' ] 3  (0.4 g, 0.49 mmol). The acetonitrile was 
removed from the rotaxane solution on a rotary evaporator and the solid product was 
analyzed for purity by TLC in System 3 and by ' H - N M R .  If further purification were 
required, the solid was additionally extracted with boiling toluene, followed by two-layer 
separation in C H 3 N O 2 /  H 2 O  with multiple aqueous washings of the organic layer. After 
collecting and drying the C H 3 N O 2  layer with anhydrous MgSC>4 and subsequent solvent 
removal in vacuo, the solid material was redissolved in minimum amount of C H 3 C H ,  
centrifuged to remove uncomplexed threads, and precipitated with ethyl acetate. The 
orange precipitate was collected by vacuum filtration, washed with diethyl ether, and 
dried to afford rotaxane 14» D B  [ B F 4 ~ ] 3  (1 g, 50%). Rf = 0.77 in System 3. ESI-MS:
107
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Calculated mass = 1179.5436 (M+ [BF4 ]2); detected mass = 1179.5457 (1.8 ppm). 'H-
NMR at 500 MHz:
c x :
14»DB [BF4']3 in CD3CN











0 9,72 s 1 - c 7,48 d 2 8,39
h 9,33 d 2 6,97 s 7,31 s 2 -
P 9,20 d 1 6,08 t 6,95 s 1 -
e 8,94 d 2 6,91 k 6,68-6,64 m 4 -
V 8,79 s 1 - j 6,60-6,56 m 4 -
q 8,46 d 1 8,15 d 5,80 s 2 -
g 8,12 d 2 6,90 i,i' 5,63 s 4 -
f 8,09 d 2 6,84 crown 4,08-3,98 m 24 -
r 7,95 t 1 - u' 2,38 s 6 -
b 7,59 d 2 8,43 u 1,33 s 9 -
X-ray crystallography (14*DB [BFZk): orange plates, triclinic, P-1 (no. 2), a = 
12.193(4), b = 14.210(5), c = 19.788(6) A, a -  100.877(4), (3 = 94.306(4), y = 
103.816(4)°, V = 3243.3(18) A3, Z = 2, Ri = 0.0957, GOF = 1.030. X-ray (14«DB [B r]3): 
yellow plates, triclinic, P - 1 (no. 2 ), a = 14.102(6), b = 14.215(6), c = 18.404(8) A, a = 
98.322(8), p = 103.590(8), y = 112.057(7)°, V = 3211(2) A3, Z = 2, Ri = 0.1546, GOF = 
1.612.
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(vii) Preparation o f  14 [BF4"]3 .
The stoppered thread 14 [BF4 ] 3  (0.4 g, 30%) was isolated as a side product in the 
preparation o f rotaxane 14«DB, described in (vi). For additional isolation methods see 
Chapter 5.3 (vi). Due to its reduced solubility in CH3 CN compared to its rotaxane 
counterpart, it was separated as a pale brown deposit at the bottom of the test tube upon 
centrifuging (see vi). Recrystallization from hot CH3 CN yielded 14 [BF4 ' ] 3  (0.32 g, 80%) 
with a very good purity. Rf = 0.62 in System 3. ESI-MS: Calculated mass = 731.3339 
(M+ [BF4-]2); detected mass = 731.3310 (-3.9 ppm ) . 1 H-NMR at 300 MHz:
HN-
14 [BF4']3 in CH3CN (300 MHz)
proton ppm multi­plicity






0 s 1 - b 7.58 d 2 8.47
V s 1 - c 7.47 d 2 8.44
Jef = 6.70 s 7.42 s 2 _
q,h,e 9.03 q 5
Jhg ~ 6.84 t 6.93 s 1 -
P 8.87 d 1 6.18 d 5.82 s 2 -
g 8.49 d 2 6.87 i,i’ 5.30 dt 4 -
f 8.43 d 2 6.64 u' 2.35 s 6 -
r 8.27 t 1 - u 1.34 s 9 -
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(viii) Preparation o f rotaxane 15«DB.
12 [BF4 ' ] 2  (1.3 g, 2.23 mmol) and dibenzo-24-crown-8 (2.05 g, 4.57 mmol) were 
dissolved in a mixture o f CH3NO 2 (100 ml) and H2 O (25 ml), giving an orange organic 
layer and a slightly darker aqueous one. Upon addition o f  NaBF4 (1.51 g, 13.8 mmol) the 
nitromethane layer’s colour became almost red, while the aqueous layer decolorized to 
very pale brown. After 4-fert-butylbenzyl bromide (1.3 ml, 6.9 mmol) was added the 
solution was stirred at room temperature for 7 days. The organic layer was then separated 
in a separatory funnel and washed multiple times with 30 ml portions o f distilled water. 
After drying with anhydrous MgSC>4 the nitromethane was removed on a rotary 
evaporator. The remaining red sticky solid was extracted with boiling toluene (6x100 ml) 
to remove the unreacted crown ether and 4-tert-butylbenzyl bromide. The solid material 
was then dissolved in a minimum amount o f CH 3CN and centrifuged at 72000 rpm for 25 
min. Brown deposit was collected by decantation -  crude stoppered thread 15 [BF4 ']3. 
The acetonitrile solution was subjected to evaporation on a rotary evaporator and the red 
solid was once again layered in CH3NO 2/H 2 O (5:1). The organic layer was washed with 
H2O (5x20 ml), dried with anhydrous MgSCE, and the solvent removed under vacuum. 
The remaining solid was redissolved in minimum CH3CN, centrifuged to remove a tiny 
deposit, and the solution was precipitated with ethyl acetate. The precipitate was 
collected by vacuum filtration, washed with diethyl ether, and dried to give 15«DB 
[BF4  ] 3  (1.2 g, 43%) as orange powder. R f = 0.77 in System 3. ESI-MS: Calculated mass 
= 1179.5436 (M+ [BF4 ]2); detected mass = 1179.5391 (-3.8 ppm). 1 H-NM R at 500 MHz:
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/ T S i-
15*DB [BF4']3 in CD3CN
proton ppm multi- # Jplicity protons (Hz) proton ppm
multi- # J
plicity protons (Hz)
0 9,80 s 1 - c 7,47 d 2
h 9,34 d 2 6,75 s,t 7.25-7.20 m 3
P 9,18 d 1 6,07 k 6,66-6,64 m 4
e 8,94 d 2 6,72 j 6,62-6,59 m 4
V 8,71 s 1 - d 5,79 s 2
q 8,43 d 1 8,09 U' 5.67-5.60 m 4
g 8,13 d 2 6,73 crown 4.06-3.98 m 24
f 8,09 d 2 6,66 u' 3,28 s 6
r 7,86 t 1 - u 1,34 s 9
b 7,58 d 2 8,33
8,35
(ix) Preparation o f  15 [BF4  I3 .
The stoppered thread 15 [BFffc (0.54 g, 30%) was isolated as a side product in the 
preparation of rotaxane 15«DB, described in (viii). Due to its reduced solubility in 
CH3 CN compared to its rotaxane counterpart, it was separated as a brown deposit at the 
bottom of the test tube upon centrifuging (see viii. For other methods of its isolation see 
Chapters 4.3 and 5.3). Recrystallization from hot CH3 CN yielded 15 [B F fk  (0.36 g, 
67%). R f = 0.58 in System 3. ESI-MS: Calculated mass = 731.3339 (M+ [B Ffk); 
detected mass = 731.3373 (4.7 ppm). 'H-NMR at 500 MHz:
1 1 1
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t  S
HN-













0 9.49 s 1 c 7.45 d 2 8.43
q»e 9.05 t 3 Jef = 6.76 s,t 7.18 m 3 -
h,v 8.99 d 3 Jhg = 6.94 d 5.80 s 2 -
P 8.90 d 1 6.22 i 5.32 t 2 -
g 8.48 d 2 6.80 i' 5.26 t 2 -
f 8.41 d 2 6.69 u' 2.25 s 6 -
r 8.27 t 1 - u 1.32 s 9 -
b 7.55 d 2 8.40
X-ray crystallography (15 [Cl'k): yellow needles, triclinic, P-1 (no. 2), a = 7.222(2), b = 
9.789(3), c = 25.118(7) A, a = 86.664(3), p = 88.969(3), y = 78.850(3)°, V = 1739.3(8) 
A3, Z = 2, R, = 0.2867, GOF = 1.298.
(x) NMR titration o f  the rotaxanes.
Stock solutions (0.01 M, in C H 3 C N )  of rotaxanes 13*DB [B F ^ , 14«DB [BF4  I3 , and 
15*DB [BF4  ] 3  were prepared. B 1 1 4 N F  was dried for 12 h under deep vacuum (5 mm Hg). 
B U 4 N C I  and B U 4 N H 2 P O 4  were dried under deep vacuum for 3 h. Stock solutions (0.05 M, 
in C H 3 C N )  of B 1 1 4 N F ,  B U 4 N C I ,  BudSlBr, B U 4 N I ,  and B U 4 N H 2 P O 4  were prepared. All 
titrations were performed according to the following general procedure. A sample of the 
respective rotaxane (0.5 ml, 0.01 M) was evaporated in a vial and dried under deep 
vacuum (5 mm Hg) for 30 min. The solid was then dissolved in C D 3 C N  (0.5 ml) and the 
solution was transferred to an NMR tube. Likewise a sample o f the respective 
tetrabutylammonium salt (1 ml, 0.05 M) was evaporated in a vial and dried under deep
112
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vacuum (5 mm Hg) for 30 min (60 min in the cases o f BU4 NF and BU4 NCI). CD3 CN (1 
ml) was added to the dry salt to prepare 0.05 M titrant solution. To the NMR tube, 
containing the solution of the respective rotaxane were added 2 0  pi aliquots (0 . 2  equiv.) 
of the respective anionic solution. 'H-NMR spectrum at 500 MHz was acquired after 
each addition. Precipitation occurred at 3.2-3.4 eqv. for all rotaxanes with B114NCI and 
BoiNBr. No precipitation occurred with B114NI. Titration of 13«DB [BF4 ' ] 3  with B114NF 
resulted in a cloudy solution at 1 eqv. titrant. Precipitation occurred when 13»DB [BF4 ' ] 3  
was titrated with BU4 NH 2 PO4 .
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Chapter 4. Dinaphtho [2]Rotaxanes
4.1 Introduction and Purpose
Among the crown ether based interpenetrated and interlocked molecular architectures; 
the ones utilizing dibenzo-24-crown-8 are the most abundant in the literature. Dinaphtho 
crown ethers are much less used altogether and there are few reported examples. 
Depending on the isomer o f the bridging naphthoxy groups the overall length of the 
macrocycle can vary for an ethereal chain with a certain number of oxygen atoms. The 
great majority of publications concern supramolecular complexes of l,5-dinaphtho-38- 
crown-1 0 , which has been used in pseudorotaxanes9; rotaxanes59'61; and catenanes62'64. 
2,3-Dinaphtho-3 0-crown-10 has been utilized in a pseudorotaxane complexation with (9- 
anthracenyl) ammonium threads . l,4-Dinaphtho-34-crown-10 has been synthesized and 
applied for pseudorotaxane formation and three other crown ethers -  2,6-dinaphtho-38- 








from Loeb’s group. A
Figure 4-1 Hubbard’s 2,3-dinaphtho[3]catenane
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[3]catenane with two 2,3-dinaphtho-24-crown-8 ethers, as represented in Figure 4-1, has 
been detected by NMR spectroscopy, but has not been isolated66. The second example is
f»7a 2,3-dinaphtho[2]rotaxane of a bis(pyridinium)ethane thread with a terpyridine 
chelating group, the X-ray structure of which is shown in Figure 4-2. Similar to dibenzo 
rotaxanes, it exhibits an “S’-type orientation of the dinaphtho “wheel” with respect to the 
thread. The more efficient 71-stacking over a larger surface results in more intense orange- 
red colour.
Figure 4-2 X-ray structure of Davidson’s 2,3-dinaphtho[2]rotaxane
The bigger size of the crown aromatics could be advantageous for potential “switching” 
effects. Dinaphtho analogs of the dibenzo rotaxanes, described in Chapter 3, would be 
more structurally sensitive to conformational changes due to the emphasized steric 
requirements. Figure 4-3 illustrates the possibility of an “S” - “C” conformational change 
upon ion binding in rotaxanes with nicotinamide-based anion receptor. Tightly bound 
anions would interfere with the naphthyl rings causing greater steric hindrance than the 
one with dibenzo crown ether, therefore making it likelier for the crown to adopt a “C”- 
shape. The extended k-stacking over a larger area also increases the possibility of steric 
interference, coming from the anilide ring if not in a planar orientation, as explained in 
Chapter 3. Preparing the dinaphtho rotaxanes with the same threads would also provide a
115
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Figure 4-3 Anion induced conformational change 
in 2,3-dinaphtho [2 ]rotaxanes
better insight into the shielding 
effects of 7i-stacking and the 
ability of certain protons to 
engage in anion binding. And 
last, the properties of such 
aromatic rich compounds may 
help to solve the ever present 
solubility problem, which 
limits both synthetic strategies, 
and experimentation.
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4.2 Synthesis and Binding Studies
4.2.1 Synthesis
Dinaphtho[2]rotaxanes were synthesized using threads 6, 11, and 12 as tetrafluoroborates 
or bromides, and dinaphtho-24-crown-8 ether6 8 ,6 9  in a two-layer reaction, described in 
Figure 4-4. Pseudorotaxane complexes were formed with characteristic deep orange 
colour. 4-tert-Butylbenzyl bromide was added as a capping group and the reaction 
mixture was stirred at room temperature for about a week, affording the rotaxanes with 
the capped threads as by-products. The rotaxanes were isolated as orange solids using the 
series of extractions and precipitations, applied for dibenzo rotaxanes and explained in 
Chapter 3 subsection 3.2.1. The yields are given in Table 4-1.
Al\  .o
HN
DN24C8\   \  + b,h2 c - @ - £
c h 3 n o 2/h 2o
NaBF4
CoX^o d
Ar = 4-rerr-butyl phenyl: 13#DN
3.5-xylidene: 14»DN
2 .6-xylidene: 15*DN
Figure 4-4 Synthetic scheme for the preparation of dinaphtho [2]rotaxanes
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Rotaxane 13*DN [BF4']3 (51%) 14*DN [BF4]3 (37%) 15-DN [BF4']3 (50%)
Table 4-1 Dinaphtho [2]rotaxanes from their corresponding reactants. Yields are
given in brackets.
The overall yield of dinaphtho rotaxanes is higher than their dibenzo analogs. Rotaxanes 
13»DN and 15*DN were obtained in 51% and 50 % respectively. Some loss of product in 
the separation by precipitation of 14»DN resulted in lower yield (37%). Crude stoppered 
threads were not purified to determine their particular yield. They were later combined 
with identical by-products from other rotaxanes’ reactions for single batch purification. 
The dinaphtho rotaxanes showed slightly better solubility than the dibenzo ones, 
particularly in CH2 CI2  and CH3 CI.
*H NMR spectra in the region from 10 to 5.5 ppm for rotaxanes 13«DB [BF4']3, 14«DB 
[BF4']3, and 15«DB [BF4']3 in CD3 CN are shown in Figure 4-5, Figure 4-6, and Figure 4- 
7.
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Figure 4-5 Full (lower) and expanded (upper) 'H NMR spectra of 13*DN jBFfls
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8 . 0 6 . 01 0 . 0 9 . 5 9 . 0 8 . 5 7 . 5 7 . 0 6 . 5 ppm
Figure 4-6 'H NMR spectrum of 14»DN [BF4 _] 3  in the region from 10 to 5.5 ppm
8 . 0 7 . 0 6 . 5 6 . 01 0 . 0 9 . 5 9 . 0 8 . 5 7 . 5 ppm
Figure 4-7 *H NMR spectrum of 15»DN [BF4 ' ] 3  in the region from 10 to 5.5 ppm
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4.2.2 Binding Comparisons for Dinaphtho[2]Rotaxanes
The anion binding abilities of the dinaphtho[2]rotaxanes were studied by NMR titrations
in CD3 CN at room temperature. Each compound was titrated with B114NCI, BipNBr, and
B114NI. The rotaxanes were used as [BF4 '] salts in 0.002 M solutions, while the halides
were introduced in 10 pi aliquots (0.02 M, 0.2 eqv.). The only different set of
concentrations was applied
for the titration o f 13»DN
[BF4 ' ] 3  (0 . 0 1  M) with
BU4 NCI (0.05 M).
Precipitations occurred at
3.2-3.4 eqv. for Cl' and Br'.
Chemical shifts for certain
protons in all three 
Figure 4-8 Shift comparison for proton “v” of
dinaphtho[2]rotaxanes with Cl rotaxanes were plotted as a
function of the titrant used. 
The same scale of the 
ordinate axis is kept for 
each of the halides to allow 
better comparison.
As with dibenzo rotaxanes, 
the amido proton “v”
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response upon treatment 
with anions. Its chemical 
shifts with Cl', Br', and I', 
are plotted in Figure 4-8, 
Figure 4-9, and Figure 4- 
10 .
The effect is most
pronounced with CF, then 
Figure 4-10 Shift comparison for proton “v” of
dinaphtho[2]rotaxanes with I shows a gradual decrease
from Br' to I". The trend for all three rotaxanes with CF is very similar, although 13«DN
[BFT] 3  was titrated at 5 times higher concentration. Between 14«DN [BFTk and 15»DN
[b f 4-]3, which had the same concentration (0.002 M), the latter shows stronger binding
affinity for Cl". The association constants Ka for the three anions, calculated with
EQNMR from the N-H chemical shifts, are listed in Table 4-2.
K a constan ts  fo r D inaph tho-24-crow n-8  R o taxanes (M 1)
B u4N+
X
13»DN [BF4 ]3 14*DN [BF4 ]3 15*DN [BF413
c r 2 1 6  ± 17a 9 0 8  ±48 1774  ±114
E r­ 502  ±17 505  ±12 533  ±30
l' 120 ±6 2 0 5  ±18 36 ±5
Table 4-2 Ka constants for 0.002 M dinaphtho rotaxanes with 0.02 M halides in 
CD3 CN. a: Value for the titration of 0.01 M rotaxane with 0.05 M CF.
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The Ka values for 14«DN (908 ±48 M '1) and 15»DN (1774 ±114 M '1) with Cl' exemplify 
how important small differences in titration curve shape can be. The starting and end 
values for both are very similar, but in the case of 15»DN the curve is closer to reaching a 
“plateau” and its Ka is twice as high as the one for 14*DN. All three rotaxanes bind Br' 
with a similar strength (Ka ~ 500 M '1), while displaying different preferences for I',































00d CD oocsi CNCOo o CN
eqv. Br*
Figure 4-12 Shift comparison for proton “q” of 
dinaphtho[21rotaxanes with Br'
in the case of 14«DN to the 
negligible Ka = 36 for 
15»DN. Anion selectivity 
is best demonstrated by 
15»DN rotaxane receptor, 
where association varies 
from Cl’ to Br' to I’ 
approximately as 50:15:1. 
The trend for 14«DN is far 
more subtle with Ka’s ratio 
of 4.4:2.5:1. At 0.002 M 
concentration, 13»DN 
binds Br' 4.2 times stronger 
than I", which ranks it 
closer to 14»DN.
The association of proton 
“q” to halides is more
123
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
distinct in the three 
dinaphtho rotaxanes, as 
seen from its chemical 
shifts with Cl', Br', and I', 
presented in Figure 4-11, 
Figure 4-12, and Figure 4- 
13. The start and end
Figure 4-13 Shift comparison for proton “q” o f values are higher for
dinaphthor21rotaxanes with I'
15»DN than those of
14»DN in the three titrations. The chemical shift change in 13»DN at 0.002 M seems to 
follow closely the pattern o f 14«DN. The steepest curve belongs to rotaxane 15»DN in the 
titration with B 1 1 4 N C I ,  where biggest shifts are always observed.
All remaining protons exhibit significantly smaller chemical shifts. Figure 4-14, Figure 4-
15, and Figure 4-16 represent the resonance shifts of proton “s” in the three dinaphtho
rotaxanes with CF, Br', and
I’ respectively. The
response appears
practically the same as in
the dibenzo rotaxanes, even
though 13*DN is 5 times
more concentrated in the
titration with CF. The shift 
Figure 4-14 Shift comparison for proton “s” of
dinaphtho[2]rotaxanes with CF t 0  a weaker magnetic field
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Figure 4-15 Shift comparison for proton “s” of 























Figure 4-16 Shift comparison for proton “s” of 
dinaphtho [2]rotaxanes with I"
visibly diminishes from C f 
to I". The lower positioning 
of the 14*DN titration 
curve is most likely a result 
of the shielding effect of 
the two methyl groups on 
the “s” proton.
The unusual shape of the 
titration curves of proton 
“p”, already seen in the 
dibenzo rotaxanes, is also 
expressed in the dinaphtho 
rotaxanes of 13»DN and 
14»DN. Their shifts upon 
titrating with Cf, Br', and I" 
are presented in Figure 4- 
17, Figure 4-18, and Figure
4-19. The chemical shifts
of 15*DN could not be plotted, because o f overlapping with proton “h”. The shapes o f the 
titration curves of 13»DN and 14»DN are similar, the major difference being the higher 
starting value of 13»DN with CF, where the concentration is higher. The lowest ppm 
shifts in this case are observed at 1.2 eqv. CF, slightly higher compared to the dibenzo 
cases The characteristic “U” shape is no longer seen in the titration with I', where “p” in
125
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Figure 4-17 Shift 
comparison for proton “p” 
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Figure 4-18 Shift 
comparison for proton “p” 
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Figure 4-19 Shift 
comparison for proton “p” 
of dinaphtho [2 ]rotaxanes 
with I'
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This odd behaviour of proton “p” is not supported by similar examples with other 
protons. In fact, the chemical shifts of the remaining thread protons, as well as the 
structurally distinctive protons o f the crown aromatics -  “k \  “j ’, and “j '”, demonstrate 
minor chemical shifts that are insignificant for credible conclusions. Their comparative 
plots are included in Appendix 1, together with the plots of other protons, showing small 
shifts, such as “o”, “r”, “h”, “e”, “g”, “f ’, “f ’, “f  ”, “b”, “c”, “d”, and “u”.
The titration of the 
dinaphtho rotaxanes with 
C1‘, Br", and T leads to the 
analogous chemical shifts 
of proton “u'”, seen in the 
dibenzo rotaxanes. The 
three comparative plots are
Figure 4-20 Shift comparison for proton “u '” o f given in Figure 4-20,
dinaphtho [2]rotaxanes with C f
Figure 4-21, and Figure 4- 
22. With CF there is a 
slight difference in 
comparison to the dibenzo 
crown analogs, and it is 
expressed in the greater 
downfield shift for 15«DN, 
and the significantly
Figure 4-21 Shift comparison for proton “u '” o f decreased upfield shift for
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Figure 4-22 Shift comparison for proton “uf” of 
dinaphtho[2]rotaxanes with I"
Figure 4-23 Illustration of planarity loss for 
15»DN upon anion binding
14«DN. Both effects fade in 
the titrations with Br' and 
I', more noticeably for 
15»DN. The fact that
proton “u”’ in 14»DN is not 
influenced substantially by 
the presence of halide ions, 
implies that the 3,5-
xylidene ring remains 
coplanar with the 
nicotinium cycle and its n- 
stacking is unchanged.
Conversely, an anion 
induced rotation of the 2 ,6 - 
xylidene functionality with 
respect to the nicotinium
and the subsequent loss of Ti-stacking seems to be the logical explanation for the gradual 
resonance shift of “u '” in 15«DN towards weaker magnetic field. Figure 4-23 contains an 
illustration o f such structural reorganization.
The chemical shifts of individual protons in dibenzo-, dinaphtho-, and naphtho rotaxanes 
with identical threads, titrated with CF, Br', and I’, are compared and discussed in Chapter 
6 .
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4.2.3 X-Ray Crystallography
Crystals o f rotaxane 14#DN as tribromide salt were grown by slow evaporation from 
solution of 14»DN [BFTk in CH3 CN/acetone mixture, saturated with BiLtNBr. Single 
crystal was mounted in a cryoloop with paratone oil. The crystal was cooled to 173 K and 
a full hemisphere of data was collected with 30 sec frames on a Brtiker APEX CCD 
single crystal diffractometer, following to the general procedure for X-ray structure 
determination, described in Chapter 3, subsection 3.2.4.
The crystal structure with selected bond lengths and distances is presented in Figure 4-24. 
The crown ether is “S”-shaped, with the two naphthoxy rings 7t-stacked to the threads’ 
pyridiniums. The nicotinium ring is perfectly coplanar with the 3,5-xylidene through the 
amide linkage. One bromide (Br3) appears to be bound to the anion pocket, although 
slightly out of plane. The poor quality of the crystal makes the accuracy of ionic bond 
distances and angles questionable. With this precaution in mind, it can be pointed out that 
Br3 is mostly bound to the amidic hydrogen H1A (Nl-Br3 = 3.2250(9) A, N l-H 1A —Br3 
= 153.280(27)°). The Cl-Br3 and C14-Br3 distances look reasonable, but the sharp 
angles (125 and 135° respectively) make H1B—Br3 and H14A—Br3 hydrogen bonds 
very unlikely in the solid state.
129
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BR1 ^ ✓
Figure 4-24 X-ray structure o f 
14»DN [Br']3 . Selected bond distances 
and angles:
Nl-Br3 = 3.2250(9) A 
N l-H 1A -B r3 = 153.280(27)°
N2-Br2 = 3.3136(8) A 
N4-Brl =4.0606(11) A 
Cl-Br3 = 3.7653(11) A 
C1-H1B--Br3 = 125.643(23)°
C14-Br3 = 3.3871(10) A 
C14-H14A-Br3 = 135.149(45)°
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4.3 Experimental
General Comments. Unless otherwise specified, all reagents were purchased from 
Sigma-Aldrich and used as received. All deuterated solvents were purchased from 
Cambridge Isotope Laboratories and used as received. 'H-NMR spectra were recorded on 
Bruker Avance 500 and 300 instruments. All questionable peaks were assigned by COSY 
and NOESY NMR experiments. Mass spectroscopy analyses were performed on 
Micromass LCT - Electrospray Ionization Time-of-Flight Mass Spectrometer. X-ray 
analysis was carried out on a Bruker APEX CCD single crystal diffractometer.
(i) Preparation o f  2,3-dinaphtho-24-crown-8.
Dinaphtho-24-crown-8 was synthesized using literature methods68,69. R f = 0.91 in 
System 3. 'H-NMR at 500 MHz:
DN24C8 in CD3CN (500 MHz)
multi- , J
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(ii) Preparation o f rotaxane 13*DN.
6 [Br']2 (1 g, 1 .67 mmol), dinaphtho-24-crown-8 (1.25 g, 2.28 mmol), and NaBF4 (1.1 g, 
10 mmol) were dissolved in a mixture o f CH3NO 2 (75 ml) and H2 O (25 ml), giving a red 
organic solution. 4-rert-butylbenzyl bromide (0.61 ml, 3.34 mmol) was added and the 
mixture was stirred at room temperature for 6  days. The nitromethane layer was then 
separated in separatory funnel, washed with distilled water (5x40 ml) and dried with 
anhydrous M gS0 4 . The solvent was removed on a rotary evaporator and the remaining 
red oil was extracted with hot toluene (5x75 ml). The oil was heated in CFFCNiCHCls 
(1:1) to red solution and allowed to cool gradually. Yellow powder deposited and it was 
collected by vacuum filtration -  crude stoppered thread 13 [BFTk. The filtrate was 
evaporated under vacuum and the remaining oily material dissolved in CH 2CI2 , giving a 
clear red solution. Addition o f toluene resulted in aggregation o f the rotaxane product as 
a red “glue-like” material, which was collected by decantation. It was dissolved in 
CH3CN and precipitated with Et2 0 . Orange solid was vacuum filtered, washed with Et2 0 , 
and dried to afford 13«DN [BF4 ] 3 (1.2 g, 51%). R f -  0.83 in System 3. ESI-MS: 
Calculated mass = 1307.6062 (M+ [BF4']2); detected mass = 1307.6080 (1.4 ppm). ’H- 
NM R at 500 MHz:
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13*DN [BF4']3 in CD3CN












0 9.86 s 1 s,t,c 7.51-7.46 m 6 JCb=8.35
h 9.3 d 2 6.75 j 7.34 m 4 -
P 9.27 d 1 6.1 f 7.2 d 2 6.40
V 8.84 s 1 - j ' 6.95 m 4 -
q 8.53 d 1 8.04 k 6.94 s 4 -
e 8.42 d 2 6.61 U ’ 5.68-5.58 dm 4 -
r 8.14 t 1 - d 5.58 s 2 -
g 7.84 d 2 6.63 crown 4.26-3.98 m 24 -
b 7.66 d 2 8.44 u,u' 1.37 s 18 -
(iii) Preparation o f  rotaxane 14«DN.
11 [Br' ] 2  (0.55 g, 0.96 mmol) was dissolved in CH3NO2  (65 ml), giving a pale yellow 
suspension, which darkened to orange when dinaphtho-24-crown-8 (1.06 g, 1.93 mmol) 
was added. Distilled water (10 ml), NaBF4  (0.64 g, 5.8 mmol), and 4-/er/-butyl benzyl 
bromide (0.5 ml, 2.7 mmol) were added and the mixture was stirred at room temperature 
for 7 days. The aqueous layer was then removed in a separatory funnel and the 
nitromethane layer was washed with distilled water (10x50 ml). After drying with 
anhydrous MgS0 4  and filtering, the solvent was removed on a rotary evaporator. The 
remaining pale orange powder was extracted with hot toluene (5x100 ml) to remove 
unreacted DN24C8, and then dissolved in a minimum amount of CH3 CN. Beige powder 
precipitates upon gradual cooling. It was removed by decantation after centrifuging for 
25 min at 72000 rpm -  crude stoppered thread 14 [BF4 ~]3 . The filtrate was evaporated to
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dryness under vacuum, the solid was redissolved in CH3NO2  (100 ml) and washed with 
distilled water (6x50 ml). The organic layer was collected, dried with anhydrous MgSC>4 , 
filtered, and the solvent removed under vacuum. The remaining solid was again extracted 
with hot toluene (5x75 ml), dissolved in a minimum amount of CH3 CN and centrifuged 
for 25 min at 72000 rpm to remove tiny brown deposit by decantation. The filtrate was 
concentrated in vacuum and precipitated with Et2 0 . Orange powder was collected by 
vacuum filtration to afford, after washing with Et2 0  and drying, 14»DN [BF4']3 (0.48 g, 
37%). R f = 0.90 in System 3. ESI-MS: Calculated mass = 1279.5749 (M+ [BF4']2); 
detected mass = 1279.5690 (-4.6 ppm). X-ray crystallography (14»DN [Br'k): orange 
needles, monoclinic, P 1 2 1 /« 1 (14), a = 17.468(6), b = 14.369(5), c = 31.659(10) A, p  =  
93.627(6) °, V = 7930(5) A3, Z = 4, Ri = 0.2012, GOF = 1.536. 1 H-NMR at 500 MHz:
vhn-
. W - 7 *
J j k V y > ° —'
14*DN [BF4']3 in CD3CN











0 9.83 s 1 - j 7.35 m 4
h 9.3 d 2 6.83 f 7.21 d 2 6.67
P 9.28 d 1 6.22 s 7.18 s 2 -
V 8.69 s 1 - 6.95 m 9 -
q 8.5 d 1 7.91 U' 5.69-5.60 dm 4 -
e 8.42 d 2 6.85 d 5.58 s 2 -
r 8.13 t 1 - crown 4.25-3.99 m 24 -
g 7.86 d 2 6.79 u' 2.36 s 6 -
b 7.66 d 2 8.36 u 1.37 s 9 -
c 7.47 d 2 8.35
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(iv) Preparation of rotaxane 15*DN.
12 [BF4 ' ] 2  (0.7 g, 1 . 2  mmol) was dissolved in CH3NO 2 (80 ml), giving a dense pale 
mixture, No change in colour was observed upon the addition o f dinaphtho-24-crown-8 
(1.3 g, 2.4 mmol) and NaBF4 (0.4 g, 3.6 mmol). At the addition o f distilled water (15 ml) 
the colour deepened slightly. 4-ter/-Butylbenzyl bromide (0.65 ml, 3.6 mmol) and 
CH2CL2 (40 ml) were added, resulting in the formation o f orange lower layer. The 
reaction mixture was stirred at room temperature for 23 days. The organic layer was 
collected in a separatory funnel, washed with distilled water (6x40 ml), dried with 
anhydrous M gS 04, filtered, and the evaporated to dryness on a rotary evaporator. The 
remaining solid was extracted with hot toluene (5x75 ml) to remove the unreacted 
DN24C8. After dissolving in a minimum amount o f  hot CH3CN and cooling, fine powder 
settled. It was removed by decantation after centrifuging for 20 min at 72000 rpm -  crude 
stoppered thread 15 [BF4']3 . The filtrate was evaporated to dryness under vacuum and the 
solid was once again subjected to the above described procedure o f purification. It was 
dissolved in CH3CN (100 ml) and the solution was washed with distilled water (5x40 
ml). After drying the organic layer with anhydrous M gS0 4 and filtering, the solvent was 
removed under vacuum. The solid was extracted with hot toluene (4x50 ml), redissolved 
in some CH3CN and the solution was centrifuged for 20 min at 72000 rpm. Tiny brown 
deposit was removed by decantation and the filtrate was precipitated with Et2 0 . Orange 
solid was filtered, washed with Et2 0  and dried to yield 15«DN [BF4 ' ] 3  (0.82 g, 50%). R f 
= 0.91 in System 3. ESI-MS: Calculated mass = 1279.5749 (M+ [BF4']2 ); detected mass = 
1279.5811 (4.9 ppm). ‘H-NM R at 500 MHz:
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0 9.98 s 1 s,t 7.24-7.20 m 3 -
P 9.3 d 1 6.18 c 7.46 d 2 8.38
h 9.28 d 2 6.82 j 7.32 m 4 -
V 8.83 s 1 - k 6.92 s 4 -
q 8.72 d 1 8.06 j' 6.91 m 4 -
e 8.37 d 2 6.71 i,i' 5.68-5.57 dm 4 -
r 8.17 t 1 - d 5.56 s 2 -
g 7.71 d 2 6.74 crown 4.30-3.94 m 24 -
f 7 d 2 6.62 u’ 2.27 s 6 -
b 7.66 d 2 8.38 u 1.37 s 9 -
(v) NMR titration experiments.
Stock solutions (0.002 M, in CH3CN) of rotaxanes 13»DN [BF4 _]3 , 14»DN [BF4 ']3 , and 
15»DN [BF4  J3  were prepared. Stock solutions (0.02 M, in CH3CN) of B114NCI (dried 
under deep vacuum for 3 h), Bu4NBr, and BU4NI were prepared as well. The titrations 
were performed according to the general procedure, described in Chapter 3.3(x). A 
sample of the respective rotaxane (0.5 ml, 0.002 M) was evaporated in a vial and dried 
under deep vacuum (5 mm Hg) for 30 min. The solid was then dissolved in CD3CN (0.5 
ml) and the solution was transferred to an NMR tube. Likewise, a sample of the 
respective tetrabutylammonium salt (1 ml, 0.02 M) was evaporated in a vial and dried 
under deep vacuum for 30 min (60 min in the case of BU4NCI). CD3CN (1 ml) was added 
to the dry salt to prepare 0.02 M titrant solution. To the NMR tube, containing the 
solution of the respective rotaxane were added 1 0  pi aliquots (0 . 2  equiv.) of the
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respective anionic solution. 'H-NMR spectrum at 500 MHz was acquired after each 
addition. Cloudiness was observed at 3.2-3.4 eqv. for all rotaxanes with BU4 NCI and 
BiLtNBr. No precipitation occurred with B114NI.
Rotaxane 13»DN [BF4 ' ] 3  was titrated with B 1 1 4 N C I  at a different concentration following 
the outlined general procedure. A 0.5 ml sample from a stock solution (0.01 M) of 13»DN 
[BF4 ] 3  was evaporated in a vial and dried under deep vacuum (5 mm Hg) for 30 min. 
The solid was then dissolved in C D 3 C N  (0.5 ml) and the solution was then transferred to 
an NMR tube. The B 1 1 4 N C I  titrant (1 ml, 0.05 M) in C D 3 C N  was added in 20 pi aliquots 
(0.2 eqv.) and a !H HMR spectrum was acquired after each addition. Precipitation 
occurred at 3.2 eqv. Cf.
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Chapter 5. Naphtho[2]Rotaxanes
5.1 Introduction and Purpose
Interlocked architectures, utilizing naphtho monoaromatic crown ethers have only been 
studied in Loeb’s research group. They require special structural consideration, as a 
consequence of the asymmetry of the crown wheel. The 7i-stacking interaction in
[2]rotaxanes containing benzo- or 2,3-naphtho-24-crown-8 ethers and 
bis(pyridinium)ethane axles leads to isomerism, arising from the relative position o f the 
crown aromatics. In the cases o f symmetrical threads these alternative orientations are 
degenerate and cannot be distinguished. With unsymmetrical threads, however, two 
isomers can be differentiated by the stacking position of the aromatic portion of the 
wheel.
Like in dibenzo- or dinaphtho[2]rotaxanes, the alternation o f the crown aromatics 
between the nicotinium and the bipyridine units is rapid at room temperature and a single 
set of averaged peaks would be observed by NMR spectroscopy. At low temperature, 
however, the interconversion can be halted, thus registering two separate sets of peaks, 
each corresponding to an isomer. The molar ratio of the isomers can be determined from 
the relative area of the integrated peaks. The bigger the ratio, the stronger the 7i-stacking 
in one isomer over the other. To influence the isomer ratio, the linear component can be 
designed so that 7t-stacking to the pyridinium ring system on one site o f the ethane bridge 
is obstructed by steric or electronic factors. Such example is demonstrated in Figure 5-1. 
Benzo- or naphtho [2]rotaxanes employing pyridinium-phosphonium axles have been 
synthesized in Loeb’s group and the two isomers have been identified at low temperature
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by 1H and 31P NM R spectroscopy70. The incorporated bulky triethylphosphonium group 
allows 7i-stacking to occur only at the 4,4'-dipyridinium site. The naphtho crown with its 
larger area experiences greater repulsion from the three ethyl groups and respectively 71-  
stacks better to the pyridiniums, compared to the benzo crown. The ratios o f major to 
minor isomers have been found to be 2.1 : 1 for the benzo-, and 15.5 : 1 for the naphtho 
rotaxane.
i r O 0 ®  /
steric repulsion 71-stacking
Figure 5-1 Configurational isomerism in rotaxanes containing pyridinium- 
phosphonium axles and unsymmetrical 24-crown-8 ether wheels
Steric factors explain the isomer ratios in rotaxanes employing unsymmetrical bis 
(pyridinium) ethane axles and benzo-naphtho-24-crown-8 ether wheel, synthesized in
71Loeb’s group . Compound I I  in Figure 5-2 presents little discrimination for 71-stacking 
between the 3,5-lutidinium, and the 4,4’-dipyridinium ring, and both isomers exist in 57 : 
43 ratio. Having a bulky ter t-butyl group as it is the case with I, “pushes” the naphthyl 
ring back to 71-stack to the 4,4'-dipyridinium in a ratio o f 79 : 21. Electronic 
considerations in I I I  assign the 60 : 40 preference for the naphthyl group to 71-stack to the 
more deficient 4,4'-dipyridinium rather than the 4,7-pyrenium unit. Interestingly, 'H  
HMR measurements in different solvents appear to favour one o f the isomers o f I I I  more 
than the other by affecting the 71-stacking o f both crown aromatics.
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Figure 5-2 Vella’s unsymmetrical rotaxanes containing benzo-naphtho-24-crown-8 
ether. Major to minor isomer ratio is given in brackets
The purpose of the work, described in this Chapter, is to extend the studies on rotaxanes 
with unsymmetrical components and the control of their isomerism. Rotaxanes, 
consisting of 2,3-naphtho-24-crown-8 and the threads used for their dibenzo- and 
dinaphtho analogs would display the two orientations, illustrated in Figure 5-3.
Figure 5-3 Conformational isomerism in amide stoppered naphtho [2]rotaxanes
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For convenience, the conformation where the aromatic portion o f the crown is 7t-stacking 
to the amide receptor is labelled isomer “A”; while the rotaxane where the crown 
aromatics 7r-stack to the bipyridine unit is labelled isomer “B”. Determining their relative 
abundance can be linked to the studies of dinaphtho and dibenzo rotaxanes, providing a 
more thorough and systematic approach. Furthermore, the effects o f anions on the “A”- 
“B” isomerism could be probed in solution. The ultimate effect o f a strong anion binding 
would be a complete “flipping” of the naphthyl ring from State 0 to State 1, as shown in 
Figure 5-4. Achieving control and reversibility over such molecular transitions could 
provide us with an example of a molecular “flipswitch”.
State 0 (Isomer A)
State 1 (Isomer B)
Figure 5-4 Anion induced crown flipping
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5.2 Synthesis and Binding Studies
5.2.1 Synthesis
Naphtho-24-crown-8 was synthesized according to the scheme, outlined in Figure 5-5.
The naphtho-2,3-bis (2'-ethoxy ethoxy ethanol) precursor7 2  was prepared in 69% yield by 
refluxing 2,3-dihydroxynaphthalene and and excess of 2-(2-chloroethoxy) ethanol in 
CH3CN using K 2CO3 as a base. Tosylation o f a triethylene glycol chain with tosyl 
chloride furnished the second component - triethylene glycol-bis(p-tosylate) in very good 
yield. The two precursors were reacted in THF using NaH as a deprotonating reagent. A 
high dilution method with slow addition was applied to promote cyclization to 2,3- 
naphtho-24-crown-8 ether, which was obtained in 54% yield. The pure crown cycle is a 














Figure 5-5 Reaction scheme for the preparation of 2,3-naphtho-24-crown-8
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Three naphtho[2]rotaxanes were synthesized following the established two-layer general 
procedure for rotaxane preparation. Compounds 6, 11, and 12 were dissolved in 
CH3NO2 /H2 O as bromides or tetrafluoroborates. NaBF4  was added to facilitate their 
solubility in the organic phase. Naphtho-24-crown-8 ether was added to each thread in 
two-three molar excess to form an orange pseudorotaxane complex. In the created 
equilibrium the free end of the thread was capped with 4-terf-butylbenzyl bromide to 
afford a naphtho[2]rotaxane, as illustrated in Figure 5-6.
Figure 5-6 Synthetic scheme for the preparation of naphtho[2]rotaxanes
The three naphtho rotaxanes - 13*N, 14»N, and 15»N were isolated as tetrafluoroborate 
salts by series of extractions and precipitations instead of using column separation. All 
are yellow/orange solids, and their colour intensity in solution places them closer to 
dinaphto-, rather than dibenzo rotaxane analogs. Stoppered threads were isolated as by­
products. The yields are listed in Table 5-1.
N24C8
c h 3n o 2/h2o
NaBF4



























13*N [BF4 ] 3  (25%) 
13 [BF4 ] 3  (30%)
14»N [BF4  | 3  (30%) 
14 [BF4 ' ] 3  (35%)
15-N [BF4 ' ] 3  (39%) 
15 [BF4 - ] 3  (40%)
Table 5-1 Naphtho [2] rotaxanes and stoppered threads products from their 
corresponding reactants. Isolated yields are given in brackets.
Overall, the 2,3-naphtho[2]rotaxanes are obtained in lower yields than either their 
dibenzo-, or dinaphtho analogs, which is an expected consequence of the reduced 71- 
stacking capability o f the crown cycle. This itself results in higher isolated yields of the 
stoppered threads 13 [BF4']3, 14 [BF4']3, and 15 [BF4']3, confirming the thermodynamic 
nature of the reaction. Although the yields across the individual products increase from 
13 to 15 for either the rotaxanes or their stoppered threads, trends are unlikely, since 
these are isolated yields and they depend on the ease of product separation and 
purification.
*H NMR spectra in the region from 10 to 5.0 ppm for rotaxanes 13»N [BF4']3, 14»N 
[BF4']3, and 15»N [BF4 ' ] 3  in CD3CN are presented in Figure 5-7, Figure 5-8, and Figure
5-9.
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u'
9 . 09 . 5 8 . 0 7 . 08 . 5 7 . 5 6 . 5 6 . 0 5 . 5 ppm
Figure 5-7 *H NMR spectrum of 13«N [BF/fc in the region from 10 to 5.0 ppm
/ — o  7 k j
9 . 09 . 5 8 . 5 8 . 0 7 . 5 7 . 0 6 . 5 6 . 0 5 . 5  ppm
Figure 5-8 *H NMR spectrum of 14«N [BF^k in the region from 10 to 5.0 ppm
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HzO
c r o w n  p e a k s
9 68 7 5 3 24 ppm
Figure 5-9 Full ^  NMR spectrum (lower) o f rotaxane 15»N [BFFfc in CD 3CN and 
expanded spectrum (upper) in the region from 10 to 5.0 ppm
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5.2.2 Low Temperature *11 NMR Spectroscopy
Variable temperature 'H  NMR spectroscopy at 500 MHz operating frequency was used to 
determine the relative abundance o f the two possible isomers in 13»N, 14»N, and 15»N. 
The rotaxanes were introduced as tetrafluoroborates, triflates or chlorides in various 
deuterated solvents. Each was cooled in 10 degree increments down to 5 degrees above 
the freezing point of the solvent and a 'H NMR spectrum was acquired at each 
temperature level. Table 5-2 summarizes the type of compounds used, the solvents, and 
the lowest temperatures achieved.
Rotaxane Solvent Temperature
13»N [OTf]3 CD2 C12 -90 °C
13»N [Cl ]3 c d 2 c 12 1 00 0 0 0
14»N [BF4 ]3 CD3 0 D -90 °C
15-N [BFTb d6-DMF -50 °C
15-N [BFT]3 CD3 CN -30 °C
Table 5-2 Naphtho rotaxanes used in low temperature 'H NMR experiments.
Unfortunately, in all cases conformational interchange was still fast on the NMR time 
scale, even at temperatures as low as -90 °C. Only broadening of the signals and no 
splitting could be observed. Different solvents were tried, as seen from the table, as well 
as different counter ions in the case of rotaxane 13«N. In order to find the proper 
experimental conditions, attempts were made with the dibenzo rotaxane o f 13 as [BF4 ~ ]3  
or [OTf]3 in d6 -acetone and CD2 CI2 , but they were unsuccessful as well.
147







8.7 8 . 6 8. 5 8.48 . 9 8 8
Figure 5-10 Stacked ^  NMR plots of 13»DB, 
13»N, and 13»DN in the region 
from 9.0 to 8.4 ppm
To obtain basic estimation of the 
relative orientation of the naphtho 
crown wheel, the 'H  NMR spectra o f 
13*DB, 13-N, and 13-DN were 
compared at identical conditions - 
temperature (30 °C), solvent
(CD3 CN), counter ion ([BFfJs). 
Stacked plot o f their spectra in the
region from 9.0 to 8.4 ppm are
presented in Figure 5-10. The signal 
for proton “e” in each rotaxane is 
highlighted in green, and its
resonance position on the ppm scale 
is given in a box. In dinaphtho
rotaxanes, proton “e” is being 
shielded equally in either “A” or “B” 
isomer, thus resonating at higher 
magnetic field -  8.42 ppm. With its 
smaller benzo rings, “A” or “B” 
isomers of dibenzo rotaxanes cannot 
shield effectively, therefore “e” 
resonates at lower field -  8.93 ppm. 
The signal of “e” in the naphtho
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rotaxanes is a weighed average of the “B” isomer, where “e” is being shielded like in 
dinaphtho rotaxanes; and the “A” isomer, where “e” is experiencing deshielding similar 
to dibenzo rotaxanes. Therefore, the registered peak at 8.63 ppm corresponds to mixture 
of isomers in approximately 60 : 40 % in favour o f the “B” isomer (naphthyl ring stacked 
to the 4,4'-bipyridinium).
More detailed studies and in-depth considerations for the estimation of isomeric ratios in 
naphtho[2]rotaxanes are presented in Chapter 6 .
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5.2.3 Binding Studies
The binding affinities o f naphtho[2]rotaxanes for Cl', Br', and I' were studied by 'H NMR 
titration experiments in CD3 CN at room temperature. Rotaxanes 13»N [BF4~]3, 14»N 
[BF4']3, and 15»N [BF4']3, were prepared as 0.002 M solutions in the titrations with 
BuiNBr and B114NI (0.02 M). The anions were introduced in 10 pi aliquots (0.2 eqv.).
















Figure 5-11 Shift comparison for proton “v” of 










d o coo CD 00cvic\i CNCO
-■—  13»N 
14-N 
15*N
eq v . Br*
Figure 5-12 Shift comparison for proton “v” of 
naphtho [2]rotaxanes with Br'
conducted at 0.01 M 
concentration of 13»N 
[BFTb, with 0.05 M 
chloride, been added in 2 0  
pi aliquots (0 . 2  eqv.). 
Rotaxanes 14»N [BF4']3, 
and 15»N [BF4']3, were 
titrated as 0.002 M 
solutions with 0.02 M 
BU4 NCI in 10 pi aliquots 
(0.2 eqv.). Precipitations 
occurred at 3.2-3.4 eqv. 
anion in the titrations of 
14*N and 15»N with Cl' 
and Br‘, and at 2.0 eqv. 
when 13»N was titrated 
with Cl'.
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"v" shift
12.00















The chemical shifts of 
protons from the three 
rotaxanes were plotted 
versus the equivalents of 
titrant used. The scale of 
the ordinate is kept the 
same for each of the anions
Figure 5-13 Shift comparison for proton “v” of 
naphtho[2]rotaxanes with I"
to enable better visual 
comparison. The magnetic 
resonances of proton “v” in the three naphtho rotaxanes with Cl', Br', and I' are presented 
in Figure 5-11, Figure 5-12, and Figure 5-13 respectively. They reveal significant 
chemical shifts to a weaker magnetic field, most pronounced with Cl', where the 
transition of the resonance frequency is on a scale from 9 to 12 ppm. There is little 
apparent difference in the shape of the titration curves, even for the titration of 13«N 
[ b f 4 - ] 3  with C1‘, which was carried out at a different concentration.
K a C onstants for Naphtho-24-crown-8 Rotaxanes (M 1)
B u X







c r 243 ±53a 2271±13 1958 ±90
Er­ 574 ±35 771 ±20 582 ±31
l' 236 ±10 206 ±8 285 ±17
Table 5-3 Ka constants for 0.002 M naphtho rotaxanes with 0.02 M halides in 
CD3 CN. a: Value for the titration of 0.01 M rotaxane with 0.05 M Cl".
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"q" shift
Association constants Ka were calculated with EQNMR software, based on these 
chemical shifts. Their values are listed in Table 5.3. Unlike the case o f the dinaphtho 
rotaxanes o f 14 and 15, their naphtho analogs 14»N and 15*N display similar association 
values with Cl' and I', slightly higher for 14»N with C f (2271 M ' 1 and 1958 M '1). There is 
less pronounced selectivity of each of the rotaxanes across the three halide ions. The
preference of 14»N [BFTk 
decreases in the order o f 1 1  
: 3 : 1 from Cl’ to Br' to I'. 
The binding strength of 
15*N [BFTk over the same 
anionic series decreases 
more gradually -  as 6.9 : 
3.4 : 1. Same is the trend 
for 13»N in the binding of 
Br' over I' - 2.4 : 1 
association strength.
The anion attraction pattern 
to proton “q” in the 
naphtho [2 ]rotaxanes is 
almost identical to the one 
already seen in dinaphtho 
rotaxanes (Chapter 4.2.2). 
Figure 5-14, Figure 5-15,
eqv . Cl~






eqv . B r
Figure 5-15 Shift comparison for proton “q” of 
naphtho [2]rotaxanes with Br'
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Figure 5-16 Shift comparison for proton “q” of 
naphtho [2] rotaxanes with I'
and Figure 5-16 present the 
chemical shifts of “q” with 
Cl’, Br’, and I’ respectively. 
With any of the anions, 
rotaxane 15*N shows 
higher starting and end 
point ppm values than 
14»N, although the latter 
appears to bind anions
stronger since its titration curve is closer to reaching saturation. At 0.01 M concentration
with Cl', 13«N displays intermediate position up to 2.0 eqv. anion, but in the titrations
with Br’ and I’, where all rotaxanes are 0.002 M, 13*N follows closely the values of 14»N.
The same phenomenon emerges from the chemical shifts of proton “p” with Cl’, Br', and
I', plotted in Figure 5-17, Figure 5-18, and Figure 5-19. Being involved in hydrogen
bonding with the crown ether, proton “p” should experience concentration dependence of
its chemical shifts, and that
explains the slightly higher
initial value in the titration
of 13*N (0.01 M) with Cl’.
But as seen with “q”, at
equal concentrations
(0.002 M) the titration
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p" shift
eqv . Br
Figure 5-18 Shift comparison for proton “p” of 
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I*-" * - * —X X X X X x - x  X X—X-
-■—  13*N 
14*N 
-x — 15»N
with Br' or I" are nearly 
identical. By following the 
unusual initial upfield shift 
with Cl' up to 0.6 -  0.8 
eqv., 15»N bears a 
resemblance to the dibenzo 
[2 ] rotaxanes; its shift with 
Br', however, could not be 
read because of signal 
overlapping. All three 
naphtho [2 ] rotaxanes feel 
no influence on their “p” 
proton by iodide, as seen 
from Figure 5-19.
OO o COo ocsi csi COCN CNCO
eq v . I*
Figure 5-19 Shift comparison for proton “p” of 
naphtho [2]rotaxanes with I"
The anion binding response 
of proton “s”, which does 
not form hydrogen bonds 
with the crown ether, is not 
different in any way from the ones already seen in the dibenzo and dinaphtho rotaxanes. 
With either Cl", Br", or I", the titration curves of 13»N.and 14#N adopt the same shape, as 
seen from Figure 5-20, Figure 5-21, and Figure 5-22. The only difference comes from 
their relative position on the ppm scale, due to the shielding effect o f the neighbouring 
methyl groups on “s” in 14*N. The higher molarity of 13#N with Cl" makes no difference.
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eq v . C|-
Figure 5-20 Shift 
comparison for proton “s” 
















Figure 5-21 Shift 
comparison for proton “s” 
















eq v . I*
Figure 5-22 Shift 
comparison for proton “s” 
o f naphtho[2 ]rotaxanes 
with I’
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Figure 5-23 Shift comparison for proton “u”’ of 
naphtho[2]rotaxanes with Cl'














Figure 5-24 Shift comparison for proton “u'” of 
naphtho[2]rotaxanes with Br'
The remaining protons 
demonstrate little change in 
their resonance frequency 
to be considered for 
accurate comparisons. 
Their plots are included in 
Appendix 1. An interesting 
exception is proton “u'” in 
rotaxanes 14»N and 15*N, 
the chemical shifts of 
which move in opposite 
directions. Figure 5-23, 
Figure 5-24, and Figure 5- 
25 contain the plots with 
C1-, Br-, and I- 
respectively. Since “u'” 
represents the signal from 
six methyl protons, which
are not capable of hydrogen bonding, any noticeable chemical shifts would be the result 
of shielding/deshielding coming from the 71-stacking of the naphtho ring. The gradual 
resonance shift in 15*N to a weaker magnetic field observed in the titrations with Cl', Br", 
and to some extent with I', is consistent with a “flipping” of the crown ether from the 
xylidene end to the 4,4'-dipyridyl unit. The opposite behaviour of “u”’ in 14«N is on a
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much smaller scale to be a 
viable indication for 
increased shielding due to 
7r-stacking from the 
naphtho crown “flipped” to 
the 3,5-xylidene unit.
In both rotaxanes, the 
chemical shifts are very 
similar to those o f their 
dinaphtho analogs. This suggests the overall effects observed are resulting from partial 
flipping of the crown wheel. To estimate what portion of the “A” isomer is converted to a
“B” isomer in the three naphtho rotaxanes, the chemical shifts of protons from rotaxanes
with identical threads are compared in Chapter 6 .
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Figure 5-25 Shift comparison for proton “u'” of 
naphtho[2]rotaxanes with I'
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5.3 Experimental
General Comments. Unless otherwise specified, all reagents were purchased from 
Sigma-Aldrich and used as received. All deuterated solvents were purchased from 
Cambridge Isotope Laboratories and used as received. Triethylene glycol ditosylate was 
prepared according to literature procedures73. 'H-NMR spectra were recorded on Bruker 
Avance 500 and 300 instruments. All questionable peaks were assigned by COSY and 
NOESY NMR experiments. Mass spectroscopy analyses were performed on Micromass 
LCT - Electrospray Ionization Time-of-Flight Mass Spectrometer.
(i) Preparation o f  naphtho-2,3-bis[(2’-ethoxy)ethoxyethanol].
The preparation of naphtho-2,3-bis[(2'-ethoxy)ethoxyethanol] followed a literature 
procedure with minor modifications. 2,3-Dihydroxynaphthalene (5 g, 31.2 mmol), 2-(2- 
chloroethoxy) ethanol (11.7 g, 93.9 mmol), and K2 CO3 (26 g, 187 mmol) were dissolved 
in CH3 CN (600 ml) under N 2  atmosphere. The purple/brown mixture was stirred and 
heated under reflux for 7 days. The solution was then concentrated to dryness under 
vacuum. The brown residue was dispersed in CH2 CI2  and filtered to remove the inorganic 
salts. The filtrate was evaporated on a rotary evaporator and the remaining brown oil was 
subjected to a short path Kugelrohr distillation under deep vacuum (5 mm Hg). No 
unreacted 2-(2-chloroethoxy) ethanol (b.p.=79-81 °C at 5 mm Hg) was detected. The 
desired product, however, was distilled at 210-230 °C as yellow oil, which crystallized 
when cooled. The solid was dissolved in toluene and precipitated with petroleum ether. 
White powder was collected by vacuum filtration and dried to give naphtho-2,3-bis[(2'- 
ethoxy)ethoxyethanol] (7.2 g, 69%). *H-NMR at 500 MHz:
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naphtho-2,3-bis[2'-ethoxyethoxyethanol]
_______________in CD3CN______________













(ii) Preparation o f  naphtho-24-crown-8 (N).
70Naphtho-24-crown-8 has been synthesised before . A suspension of NaH (3.08 g, 128.4 
mmol) in dry THF (500 ml) was brought to a reflux under nitrogen atmosphere in a 1000 
ml 3-neck round bottom flask, equipped with a dropping funnel and a reflux condenser 
and connected to a Schlenk line. A solution of naphtho-2,3-bis[(2'-ethoxy)ethoxyethanol] 
(7.2 g, 21.4 mmol) and triethylene glycol ditosylate7 3  (9.81 g, 21.4 mmol) in dry THF 
(100 ml) was added drop wise over 5 days. The brown dense mixture was refluxed for one 
more day and then the solvent was removed under reduced pressure. CH2 CI2  (500 ml) 
was added and the suspension was vacuum filtered through celite to remove the 
unreacted NaH. The filtrate was washed with distilled water (4x100 ml) in a separatory 
funnel. The solvent was then removed under vacuum and the remaining brown oil was 
boiled in isopropyl ether (100 ml) and allowed to cool gradually. The product settled 
again as brown oil, which eventually solidified as the solvent dried out. Beige sticky solid 
formed, and it was dried under deep vacuum without heating for 30 min to give naphtho- 
24-crown-8 (5.2 g, 54%). R f = 0.81 in System 3. ESI-MS: Calculated mass = 473.2151 
(M»Na+); detected mass = 473.2147 (-0.9 ppm). 'H-NMR at 500 MHz:
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(iii) Preparation o f  rotaxane 13»N.
6  [Br ' ] 2  (1.10 g, 1.83 mmol) was dissolved in a mixture of C H 3 N O 2  (75 ml) and H 2 O  (25 
ml), giving pale yellow layers. Upon addition of NaBF4  (1.2 g, 10.9 mmol) the aqueous 
layer decolorized and the nitromethane layer turned yellow. When naphtho-24-crown-8 
(2 g, 4.44 mmol) was added the colour further deepened to red, indicating the formation 
of a pseudorotaxane. 4-tert-Butylbenzyl bromide (1 ml, 5.37 mmol) was added last and 
the mixture was stirred at room temperature for 4 days. In the subsequent work-up the 
nitromethane layer was separated in separatory funnel and washed with distilled water 
(6x30 ml). The solvent was removed on a rotary evaporator after drying with anhydrous 
MgSC>4 and filtering, and the remaining red/black oil was dissolved in C H 2 C I 2  and 
precipitated with toluene. The red solid, containing rotaxane 13«N and the stoppered 
thread 13 was collected by vacuum filtration, while the filtrate was evaporated to recycle 
unreacted N24C8. The solid mixture was redissolved in CH2 CI2  and precipitated with 
ethyl acetate. The yellow precipitate containing crude 13 [Br' ] 2  was collected by vacuum 
filtration and subjected to further purification (see iv). The filtrate was concentrated and 
precipitated with diethyl ether. Red solid was filtered, washed with diethyl ether and
160
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dried to afford rotaxane 13«N [BF4']3 (0.6 g, 25%). Rf = 0.71 in System 3. ESI-MS:
Calculated mass = 1209.5905 (M+ [BFf^); detected mass = 1209.5861 (-3.7 ppm). 1H-
NMR at 500 MHz:
13*N [BF4 ]3 in CD3CN











0 9.77 s 1 t',c 7.51-7.52 d 4 7.36
v,p,h 9.25-9.29 m 4 - j 7.37-7.39 m 2 -
q 8.94 d 1 8.03 k 7.04 s 2 -
e 8.65 d 2 6.29 j' 6.92-6.94 m 2 -
r 8.27 t 1 - d 5.68 s 2 -
g 8.22 d 2 6.27 i,i' 5.46-5.62 dm 4 -
f 7.83 d 2 6.2 crown 3.15-4.43 m 28 -
Jst=8.12 u' 2.16 s 9 _
s,b 7.63-7.66 t 4
Jbc=8.4 u 1.38 s 9 -
(iv) Preparation o f  13.
The stoppered thread 13 was isolated as a side product in the synthesis of 13*N (see iii). 
It was separated from the rotaxane by precipitation with ethyl acetate from CH2 CI2 
solution. The precipitate was vacuum filtered, washed with ethyl acetate, and 
recrystallized from water to give 13 [B F f^  (0.25 g, 16%) as a beige powder. R f = 0.46 in 
System 3. *H-NMR at 500 MHz:
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C—2













0 9.48 s 1 - s 7.68 d 2 8.71
V 9.3 s 1 - b 7.57 s 2 8.39
q 9.04 d 1 8.4 t' 7.49 d 2 8.43
h,e 9.01 t 4 - c 7.46 d 2 8.35
P 8.88 d 1 6.27 d 5.81 s 2 -
g 8.49 d 2 6.92 y 5.29 dt 4 -
f 8.43 d 2 6.81 u,u' 1.35 m 18 -
r 8.27 t 1 -
(v) Preparation o f  rotaxane 14«N.
1 1  [Br' ] 2  (0 . 6  g, 1.05 mmol) was dissolved in C H 3 N O 2  ( 1 0 0  ml), giving a yellow 
suspension which turned orange upon the addition of naphtho-24-crown-8 (0.95 g, 2.1 
mmol). After the addition of 4-tert-butylbenzyl bromide (0.58 ml, 3.16 mmol) the 
mixture was stirred for 24 h, changing the colour to pale yellow. Distilled water (10 ml) 
and NaBF4  (0.7 g, 6.3 mmol) were added, resulting in clear orange nitromethane layer 
and pale yellow aqueous one. After 6  days o f stirring at room temperature the reaction 
mixture was heated at 60 °C for one more day. In the following work-up the 
nitromethane layer was collected in a separatory funnel and washed with distilled water 
(6x40 ml). After drying with anhydrous MgSC>4 and filtering, the solvent was removed on 
a rotary evaporator. The remaining orange solid was extracted with hot toluene (5x75 ml) 
to remove unreacted naphtho-24-crown-8, dissolved in C H 3 C N  (30 ml) and centrifuged
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for 20 min at 72000 rpm. Tiny grey deposit was removed by decantation. The filtrate was 
precipitated with CHCI3 and the precipitate was collected by vacuum filtration through 
celite -  crude 14 [BF4 ~]3 . The filtrate was vacuum evaporated to dry solid, which was 
redissolved in CH3 CN and precipitated with ethyl acetate and a lot of Et2 0 . The resulting 
fine orange powder was collected by vacuum filtration, washed with Et2 0  and dried to 
afford 14-N [BF4 ' ] 3  (0.4 g, 30%). R f = 0.78 in System 3. ESI-MS: Calculated mass = 
1181.5592 (M+ [BF4']2); detected mass = 1181.5634 (3.5 ppm). !H-NMR at 500 MHz:
14*N [BF4-]3 in CD3CN











0 9.73 s 1 s 7.31 s 2 -
P,h 9.24 d 3 6.77 j 7,37-7,35 m 2 -
V 9.13 s 1 - k 7.01 s 2 -
q 8.9 d 1 8.15 j ’ 6,96-6,94 m 2 -
e 8.63 d 2 6.79 t 6.94 s 1 -
r 8.26 t 1 - d 5.66 s 2 -
g 8.16 d 2 6.89 y 5.58-5.44 dm 4 -
f 7.78 d 2 6.84 crown 4,37-3,14 m 28 -
b 7.64 d 2 8.36 u' 2.36 s 6 -
c 7.48 d 2 8.35 u 1.36 s 9 -
(vi) Preparation o f  14.
The stoppered thread 14 was isolated as a side product in the synthesis of 14»N (see v). It 
was separated from the rotaxane by precipitation with CHCI3 from CH3CN solution. The 
precipitate was vacuum filtered through celite, then extracted with CH3 CN. The extract 
was concentrated under vacuum and precipitated with Et2 0 . Yellow solid was isolated by
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vacuum filtration to give, after washing with Et2 0  and drying, 14 [B F fk  (0.3 g, 35%). 
For 'H-NM R data see Chapter 3.3 (vii).
(vii) Preparation of rotaxane 15»N.
12 [B F fk  (0.6 g, 1.03 mmol) was dissolved in CH 3NO 2 (100 ml), giving a pale yellow 
suspension which turned orange upon the addition o f naphtho-24-crown-8 (0.93 g, 2.06 
mmol). The colour became pale yellow again when distilled water ( 6  ml) was added. 
Addition o f NaBF4  (0.34 g, 3.08 mmol) caused no change. 4-/er/-Butylbenzyl bromide 
(0.6 ml, 3.08 mmol) was finally added and the mixture was stirred for two weeks at room 
temperature, followed by heating at 60 °C for 3 days. In the subsequent work-up the 
aqueous layer was removed in a separatory funnel and the brown coloured nitromethane 
layer was washed with distilled water (8x40 ml). After drying with anhydrous MgSC>4 
and filtering, the solvent was evaporated under vacuum. The remaining red/orange solid 
was extracted with hot toluene (4x75 ml) to remove unreacted naphtho-24-crown-8 and, 
then dissolved in CH3CN (30 ml) and centrifuged at 72000 rpm for 25 min. Brown 
deposit was collected by decantation -  crude 15 [BF4  I3 . The solvent from the filtrate was 
removed under vacuum, and the solid was again extracted with hot toluene (3x75 ml); 
dissolved in CH3CN and precipitated with CHCI3 . The precipitate was contained by 
vacuum filtration through celite and was later added to the crude crude 15 [BF4 ']3 . The 
filtrate was evaporated on a rotary evaporator. The solid rotaxane was redissolved in 
CH 3CN and precipitated with isopropyl ether and a lot o f diethyl ether. Orange solid 
settled after 1 day at room temperature. It was collected by vacuum filtration, washed 
with EtiO  and dried to give 15»N [BF4 ' ] 3  (0.51 g, 39%). R f = 0.74 in System 3. ESI-MS:
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Calculated mass = 1181.5592 (M+ [B Ff^); detected mass = 1181.5630 (3.2 ppm). 1H-
NMR at 500 MHz:
V  u
15*N [BF4']3 in CD3CN











0 9.8 s 1 - c 7.49 d 2 8.42
P 9.32 d 1 6.12 j 7,37-7,35 m 2 -
h 9.24 d 2 6.86 s,t 7.25-7.20 m 3 -
q 8.99 d 1 8.17 k 7.01 s 2 -
V 8.9 s 1 - j' 6,94-6,92 m 2 -
e 8.6 d 2 6.89 d 5.65 s 2 -
r 8.3 t 1 - U ’ 5.61-5.44 dm 4 -
g 8.15 d 2 6.9 crown 4.40-3.13 m 28 -
f 7.75 d 2 6.88 u' 2.27 s 6 -
b 7.64 d 2 8.37 u 1.36 s 9 -
(viii) Preparation o f  15.
The crude stoppered thread 15 was isolated as a side product in the synthesis o f 15«N (see 
vii). It was recrystallized from H2 O. Pale brown solid formed after gradual cooling. It 
was collected by vacuum filtration, washed with cold H2O and dried to give 15 [B Ffk  
(0.34 g, 40%). For 'H-NM R data see Chapter 3.3 (ix).
(ix) NMR titration experiments.
Sample preparation and titrations were performed according to the general procedure, 
outlined in Chapter 3.3(x). Rotaxanes 14»N [BFf ] 3  and 15«N [B Ffk  (0.5 ml, 0.002 M in 
CD3CN) were titrated with B114NCI, Bi^NBr, and BU4 NI (0.02 M in CD 3CN) in 10 pi
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aliquots (0.2 eqv. anion). Rotaxane 13»N [BF4']3 (0.5 ml, 0.002 M in CD 3CN) was 
likewise titrated with Bu4NBr and B114NI (0.02 M in CD3CN) in 10 pi aliquots (0.2 eqv. 
anion), but different set o f concentrations was used in the titration with Bu4NC1, where 
13*N [BF4-]3 (0.5 ml, 0.01 M in CD 3CN) was titrated with Bu4NC1 (0.05 M in CD3CN) in 
2 0  pi aliquots (0 . 2  eqv. anion),
'H-NM R spectrum at 500 MHz was acquired after each addition. Precipitations occurred 
at around 2.0 eqv. Cl' and 3.2 eqv. Br' when 13»N [BF4']3 was titrated; and 3.2-3.4 eqv. 
anion in the titrations o f 14»N [BF4‘]3 and 15»N [BF4']3 with Cl' and Br". No 
precipitations with I' were observed at these limits.
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Chapter 6. Crown Effects in the Amido [2]Rotaxanes
6.1 Purpose
The data presented in Chapter 3, Chapter 4, and Chapter 5 summarizes the anion 
interactions with rotaxanes from a certain crown class -  dibenzo, dinaphtho, or naphtho- 
24-crown-8. The comparisons between the chemical shifts of identical protons within 
each class characterize the different amide receptors. While these studies resolved the 
variations in the strength of binding halides and revealed some differences in the anion 
recognition sites; they could not establish conclusively what the impact o f ion binding is 
on the overall shape of the molecule. Data analysis showed similar response for the 
crown ethers in all three classes, expressed as very small changes in their chemical shifts. 
Since anion-hydrogen bonding produces the major proton deshielding effect, 
contributions from reduced Ti-stacking would likely be masked and hard to distinguish 
when rotaxanes with different linear components are compared. In order to determine the 
anion influence on 7i-stacking, rotaxanes with identical threads and variable crown ethers 
must be compared.
The purpose of Chapter 6  is to present and discuss comparative plots of the previously 
synthesized dibenzo-, naphtho-, and dinaphtho rotaxanes, combined in groups of identical 
threads - 13, 14, and 15. Such comparisons should allow evaluation o f the crown ether 
effects upon each thread when titrated with the same halide ion. Furthermore, the 
conformational isomer ratio for the naphtho[2 ]rotaxanes can be estimated by relating the 
position o f some of its protons’ peaks to the ones in the dibenzo, and dinaphtho 
rotaxanes, as exemplified in Figure 5-10 o f the previous chapter.
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For a thorough evaluation of the 7i-stacking of dibenzo, naphtho, or dinaphtho crown 
aromatics to a particular thread, it is interesting to investigate the analogous rotaxane 
containing 24-crown-8 ether. Since 24-crown-8 does not have aromatic rings, it cannot 
engage in 7i-stacking and thus can be used as a baseline for comparison. The rotaxane of 
thread 15 with 24-crown-8 ether was chosen as the synthetic target for such comparative 
purposes.
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6.2 Synthesis and Binding Studies
6.2.1 Synthesis
The rotaxane of 15 with 24-crown-8 ether (C) was obtained through the general synthetic 
strategy, using a two layer reaction described in Figure 6-1. The thread 12 [BFT]2 was 
mixed with commercial 24-crown-8 ether in CH3NO2 /H2 O solvent system. No change in 
colour was observed due to the absence of 7t-stacking. 4-fer/-Butyl benzyl bromide was 
added as a stoppering group and the mixture was stirred at room temperature for 6  days.
+  BrH2C24C8
c h 3n o 2/h 2o
NaBF4
15-C (18%)
Figure 6-1 Synthesis of rotaxane 15»C
To simplify the separation o f the final product, the mixture was heated at 60 °C for 3 
days to convert the unreacted thread 12 into its “capped” version 15. Rotaxane 15»C was 
obtained in 18% yield after series of extractions. Figure 6-2 shows its *H NMR spectrum.
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crown
JUL
9 8 7 6 5 4 3 2 ppm
Figure 6-2 Full 'H NMR spectrum of rotaxane 15»C [BF^fc (bottom) in CD3 CN.
Expanded spectrum in the region from 10 to 7 ppm is shown on top.
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6.2.2 Binding Studies
6.2.2.1 Crown Effects in the Rotaxanes of  13 [BFTk.
All rotaxanes of 13 were titrated as 0.01 M solutions in CD3 CN. Since most titrations 
presented previuosly were carried out at a 5 times lower concentration, it was deemed 
necessary to determine to what extent a change in concentration would affect the 
observed chemical shifts. In order to do so, the dibenzo rotaxane of 13 [BF4 ' ] 3  was also 
titrated as 0.002 M solution in CD3 CN, with B114NCI being added in 10 pi aliquots (0.2
eqv.). Its chemical shifts (labelled as 13»DB*) are plotted together with the dibenzo,
naphtho, and dinaphtho rotaxanes in the titrations with Cl'. The same scale applies to 
shifts with all three anions in Figure 6-3, Figure 6-4, and Figure 6-5, which contain the 
chemical shifts of amido proton “v” of the rotaxanes of 13 [BFTk with CF, Br', and I' 
respectively. The titration curves of 13*DB, 13»N, and 13»DN appear very similar. The 
strong deshielding effect o f the anion-hydrogen bond on “v” conceals possible 7t-stacking 
contributions. With Br', and I', where the shifts are smaller, the higher overall shifts of
13»N are more noticeable, 
but not conclusive for the 
positioning of the naphtho
crown. With all three
anions, 13»N, and 13«DN
show very close starting 
ppm values, which tends to 
















Figure 6-3 Chemical shifts o f proton “v” in various 
rotaxanes of thread 13 [BF^fe with Cl"
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Figure 6-4 Chemical shifts of proton “v” in various 

























eq v . I
the course of the titrations, 
particularly with Br' and Y.
The concentration factor 
does not influence the 
initial value of “v” in 
13»DB*, as Figure 6-3 
indicates, but the strength 
of binding Cl' is reduced 
(Ka = 118 ± 2 7  M '1).
The chemical shifts of 
proton “q” with halides, 
presented in Figure 6 -6 , 
Figure 6-7, and Figure 6 -8 , 
give a similar picture of 
binding, only on a smaller 
scale. 13»DB and 13»DN
Figure 6-5 Chemical shifts of proton “v” in various bind Cl and Br with equal 
rotaxanes of thread 13 [BF4  I3  with I'.
strength, while 13«N
follows a similar curve with much similar shape, but translated to a weaker magnetic 
field. At 0.002 M concentration with Cl', “q” in 13«DB* starts at the same position, but 
reaches much smaller ppm values.
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eq v . Cl'
Figure 6-6 Chemical 
shifts of proton “q” in 
various rotaxanes of thread 
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Figure 6-7 Chemical 
shifts of proton “q” in 
various rotaxanes of thread 










CDO CO o 00 CSI
o o c i - ^ - ^ c s i c s i c s i c o
eqv . I"
Figure 6-8 Chemical 
shifts o f proton “q” in 
various rotaxanes o f thread 
13 [BF4']3 with I'.
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For rotaxanes of 13 with symmetrical crown ethers (dibenzo, dinaphtho) the ultimate 
steric response triggered by anion binding could be a transformation of the crown wheel 
from an “S” shape to a “C” shape, as illustrated in Figure 6-9. This would leave the 




Figure 6-9 Possible crown orientations in dibenzo and dinaphtho rotaxanes of 13.
In 13«N, where the naphtho crown shields only one side of the ethane bridge at a time 
(isomer A or isomer B), the likely outcome of binding an anion by the receptor pocket is 
flipping of the naphtho ring from the amide function (isomer A) to the bipyridine unit 
(isomer B). Figure 6-10 is a schematic representation of this isomerization. Complete 
conversion to isomer B should also leave the amide side completely exposed and could 
be detected by the extreme downfield resonances of protons “v”, “q”, “s”, and “f
Titration data, however, prove that both protons “v” and “q” in 13«N maintain their 
higher ppm values compared to 13»DB or 13*DN in the course o f titrations with either
174
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Cl', Br', or I'. This precludes the possibility of having complete conversions at the same 
time in all three rotaxanes, since they do not reach same value. Partial conversions on the 
other hand are probable, but cannot be quantified from the shifts o f protons, which 
participate directly in anion binding, because deshielding from the anion--hydrogen bond 
conceals the contribution from 7i-stacking.
Figure 6-10 Possible crown orientations in the naphtho rotaxane of thread 13.
Indications for 71-stacking alteration should be pursued in the chemical shifts of protons 
further from the crown recognition site (“e”, “d”, “s”, “f ”), provided they experience 
shielding from the crown aromatics yet do not associate with anions. The anion 
selectivity of the receptor site should also be taken into account when comparing overall 
shifts o f “v” and “q”. Its accessibility varies from the presence and size of the crown 
aromatics. Ion association to other acidic protons of the thread must be evaluated for each 

















Figure 6-11 Chemical shifts of proton “o” in various 












Figure 6-12 Chemical shifts of proton “o” in various 
rotaxanes o f thread 13 [BFf^ with Br'
The possibility of anion 
approaching sidewise to the 
bis(pyridinium)ethane 
backbone requires
examination of the a - 
hydrogens of the two 
pyridinium rings -  “o”, 
“p”, and “h”. It is 
particularly important for 
13*N, where the axle is 
more exposed. Figure 6-11, 
Figure 6-12, and Figure 6- 
13 support such possibility. 
All rotaxanes show 
downfield shifts with CF, 
indicating some anion 
binding to proton “o” 
occurs, but the effect for
13»N is most notable. Br' and I' barely affect the resonance position o f “o” in 13«DB and 
13*DN.
The abnormal titration curves of proton “p” are difficult to interpret with certainty 
(Figure 6-14, Figure 6-15, and Figure 6-16). The initial upfield shifts in Figure 6-14 (up 
to ~ 0.8-1.0 eqv. Cl) could be equally attributed to shielding from the crown aromatics, as
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well as to weakened hydrogen bonding by the ethereal oxygens. The latter seems to be
the more logical 
explanation, since the 
highest starting value is 
observed in 13«DN, where 
7T-stacking should be 
maximized. The “U”- 
shaped curve is also best 
defined in 13»N, where 7t- 
stacking is statistically less. 
The rapid “flattening” in 
the titrations with Br' and I" 
also support the hydrogen 
bonding argument.
The resonance frequencies 
of protons “p” and “h” are 
very close in the *H NMR
Figure 6-13 Chemical shifts of proton “o” in various 
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Figure 6-14 Chemical shifts o f proton “p” in various spectrum and often overlap 
rotaxanes of thread 13 [BFTfc with Cl'
which impedes accurate 
peak readings. For this reason the chemical shifts of “h” are not taken into consideration.
Proton “s” was investigated for signs of decreased 7t-stacking. Its chemical shifts with 
Cl', given in Figure 6-17, reveal some interesting details. The starting point in 13»DN is 
positioned at a stronger magnetic field than in 13«DB, which implies that “s” is shielded
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by the longer naphtho ring, but not by the benzo ring. Yet, in both cases after titrating



















Figure 6-15 Chemical shifts of proton “p” in various 



















00o oCM ’M’CM COCM CMc d
eq v . I*
Figure 6-16 Chemical shifts of proton “p” in various 
rotaxanes of thread 13 [BFTk with I'
reaches saturation o f its 
chemical shift. This infers 
that “s” is not only 
hydrogen bonding to the 
anion, but also feels equal 
shielding from the benzo, 
or the naphtho rings. If by 
default the benzo aromatics 
exert no shielding at all, 
that means after 2.2 eqv. C f 
the naphtho function has 
flipped away and causes no 
shielding as well. This 
assumption can readily be 
tested by looking at the 
chemical shift of 13«N in 
this case. Depending on
which end of the thread the naphtho crown is 7i-stacked to and the per cent of this isomer, 
the peak of “s” in 13»N before adding any titrant should appear between the two extremes 
of fully shielding (dinaphtho case) and the assumed no shielding (dibenzo case).
But the initial resonance frequency of 13»N closely matches the one seen in 13»DB,
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which precludes the possibility that the higher initial value of the latter is the extreme
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Figure 6-17 Chemical shifts of proton “s” in various 

















Figure 6-18 Chemical shifts of proton “s” in various 
rotaxanes of thread 13 [BF4"]3 with Br'
The titrations with Br', and 
 6-18 and Figure 
 not show any 
 in the structural 
considerations. Typical for 
protons, which form 
hydrogen bonds with the 
anions, the shift o f “s” 
exhibits concentration 
dependence, as seen from 
the curve o f 13»DB*.
Protons “f ” and “b” from 
the opposite ends of the 
thread are good examples 
for invesigating the 
shielding from 7i-stacking, 
because they are aromatic
but not acidic enough to engage in hydrogen bonds either with the crown oxygens; or the 
anions. Unfortunately these peaks appear very close in the spectrum, and often overlap in 
the titrations, leaving large room for error in interpretation of their modest shifts. Their 
comparative plots as well as those with similar small shifts are contained in the
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Figure 6-19 Chemical shifts o f proton “s” in various 
rotaxanes of thread 13 [BF4 ' ] 3  with I'





g 8.90 * 








COo CO COcsi CMcdoo CM CM
eqv . Cl’
Figure 6-20 Chemical shifts of proton “e” in various 
rotaxanes o f thread 13 [BF4 ' ] 3  with Cl'
supplementary data o f the 
enclosed CD.
The selection of a proton, 
which is unambiguously 
shielded by a dinaphtho 
ring, but not by dibenzo 
ring, is difficult. A suitable 
choice might be proton “e”, 
which is aromatic in nature, 
and at ~ 7 A distance from 
the ethane alkylated 
nitrogen. Its chemical shifts 
with Cf, Br', and I' are 
represented in Figure 6-20, 
Figure 6-21, and Figure 6- 
22. Despite being in the 
ortho-position relative to a 
positive nitrogen atom, “e”
is far from the receptor site, where strong anion binding takes place and it should not 
associate strongly with halides. The three graphs show modest to weak binding from Cl' 
to I', but the linear nature o f the titration curves suggests it is rather a consequence o f the 
change in the ionic strength of the solvent; and undermines any binding contribution to 
the overall downfield shifts. More importantly, the total ppm change for both 13»DB and
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Figure 6-21 Chemical shifts of proton “e” in various 





















Figure 6-22 Chemical shifts of proton “e” in various 
rotaxanes o f thread 13 [BFTk with T
13«DN is less than the 
difference in their starting 
ppm points. This justifies 
the presumption that “e” in 
13«DN before exposing to 
anions resonates at much 
stronger magnetic field, 
because it is 7t-stacked by 
the naphtho group; and not 
7:-stacked by the benzo 
group, hence starting at 
much higher ppm in 
13»DB. That distance in 
ppm units between the two 
rotaxanes is nearly 
sustained through the 
course of the titrations with 
either Cl', Br', or I',
suggesting the two crown ethers behave the same way and the small overall changes 
suggest no dramatic steric impact on proton “e”.
For the rotaxanes with symmetrical crown ethers this effect could be the result o f one 
aromatic ring being all the time 7i-stacked to the dipyridyl unit o f 13 ; or two of the
181
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aromatic rings of a “C”-shaped crown exerting reduced, but combined equal 7i-stacking 
effect.
Rotaxanes with unsymmetrical crown ethers, like 13»N, can exist in two isomeric forms, 
in which proton “e” is either shielded by the naphtho ring 7i-stacking to the 4,4'- 
bipyridine unit (isomer B); or not shielded if the naphtho ring is 7t-stacked to amide part 
o f the thread (isomer A). By comparing the initial position o f “e” in 13»N with respect to 
the starting values in 13«DB andl3*DN, the molar ratio of isomers “A” and “B” can be 
determined, using the expression:
%A = A(N -D N )_ x 10Q Equation 6-1
A(DB -  DN)
where A(N-DN) is the difference in ppm between the peaks of proton “e” in the naphtho 
and the dinaphtho rotaxane; and A(DB-DN) is the peak difference between the dibenzo 
and the dinaphtho rotaxane. Using this formula the isomer ratio for rotaxane 13«N was 
calculated to be 39 % “A” and 61% “B”. The closer peak position of “e” from the one in 
13*DN was illustrated in the stacked plot of Figure 5-10 of the previous chapter.
These ratios are not significantly altered by concentration. The titration curve of the five 
times less concentrated 13»DB* does not deviate much from the one of 13»DB (Figure 6- 
20). If the initial value of 13»DB* is used in Equation 6-1, the molar ratio of isomers “A” 
and “B” becomes 41% to 59%.
It is interesting to see how the molar ratio in 13*N is affected by different anions. Table 
6-1 lists the percent amount o f isomer A when 13»N is titrated with CF, Br’, and I". The 
numbers and their graphical illustration in the included chart uncover rather unexpected
182
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trends. With Cl', for example, which is strongly bound by the amide receptor and most 
likely to “push” the naphtho ring to the bipyridine unit, the exact opposite response is 
observed. Instead of substantially decreasing the amount o f isomer A from the initial 
39%, it actually increases to 61% (precipitation occurred at 2.0 eqv. Cf). The effect of 
adding Br' follows the same direction but the perturbation is smaller. Iodide does not lead 
to any alteration in the isomer ratio, precluding the possibility for some randomization 
due to simple changes in the ionic strength of the solution media.
%  isom er A
%A fro m  " e "  w ith  v a r io u s  a n io n s
Table 6-1 Influence of anions on 13»N, based on proton “e”. The amount of isomer 
A with the addition of Cf, Br‘, and I' is plotted on a 3-D chart
The startling results based on the chemical shifts of proton “e” find near confirmation 
from the peaks of proton “d”, which shifts with C1-, Br-, and I- are plotted in Figure 6-23, 
Figure 6-24, and Figure 6-25. Although situated next to positively charged nitrogen, “d” 
is not acidic enough to compete with the amide receptor site for anionic guests. This is 
proved by the negligible total shift in 13»DB upon titration with Cl'. The statement is
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Figure 6-23 Chemical shifts o f proton “d” in various 
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further corroborated by the 
close pattern of the titration 
curve o f 13»DB*, which 
tends to deviate and show 
concentration dependence 
if hydrogen bonding is 
implicated. The starting 
point of 13»DN is at a 
stronger field as anticipated 
for a shielded proton.
The titration curves of 
proton “d” in 13«DN adhere 
to the description of the 
ones in 13»DB. Some 
deviation can be noticed in 
the titration with C f, but
Figure 6-24 Chemical shifts of proton “d” in various the overall change (A = 
rotaxanes of thread 13 [BF4 I 3  with Br'
0.12 ppm) is insignificant
to imply sufficient anion-hydrogen contribution to the total downfield shift. In between 
the two “extreme” values lies the titration curve o f 13*N, the points of which sum up the 
contributions from each of the two existing isomers. Based on its starting position on the 
ppm scale, Equation 6-1 assigns an approximate ratio of 33% A and 67% B, which is 
close to the numbers derived from proton “e”. Titrations with Cf, Br', and f  provoke
184
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similar response as well. Table 6-2 contains the numerical and the graphical illustration 
of the influence of anions on the naphtho crown ether flipping.
Thus, the flipping pattern deducted from the chemical shift comparison of proton “e” in
the rotaxanes 13»DB, 13»N, and 13»DN, is supported by the alteration of the isomer ratio,
derived from the shifts of 
“d”. The percentage of
isomer A increases from
33% to 70% at 2.0 eqv Cf; 
reaches modest gain upon 
titrating with Br', and stays 
nearly constant with I'.
Figure 6-25 Chemical shifts of proton “d” in various 
rotaxanes of thread 13 [B F fk  with I"


















%  isomer A
%A fro m  "d "  w ith  v a r io u s  a n io n s
Table 6-2 Influence of anions on 13»N, based on proton “d”. The amount of isomer 
A with the addition of Cl", Br', and I" is plotted on a 3-D chart
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This experimental outcome necessitates the revision o f the entire concept of steric and 
electronic perturbations at the receptor site, resulting from the anion binding. Summary of 
the results for the rotaxanes, utilizing thread 13 as a linear component assert the fact, that 
while anion binding occurs at the designed receptor site, it actually helps 7i-stacking to 
the nicotinium side of the ethylene bridge. Whether this is a consequence of reduced 
flexibility of the amide “arm” by locking it in a plane with the anion, must be 
substantiated by comparing to the rotaxanes of two other threads -  14 and 15. Since they 
have different amidic substituents, their propensity to adopt planarity with the anion 
would be different.
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6.2.2.2 Crown Effects in the Rotaxanes o f  14 [BFTfc.
In the comparative plots of the rotaxanes of thread 14, presented in this section, the 
titration data for 14»DB reflects chemical shifts registered when 0.01 M rotaxane is 
titrated with 0.05 M tetrabutylammonium salt (20 pi = 0.2 eqv.). The titration curves of 
14»DN and 14»N represent the chemical shifts of 0.002 M rotaxanes upon addition of
0.02 M anions in 10 pi (0.2















Figure 6-26 Chemical shifts of proton “v” in various 
rotaxanes o f thread 14 [BFT^ with Cl"
















Figure 6-27 Chemical shifts of proton “v” in various 
rotaxanes of thread 14 [BFTb with Br’
eqv.) aliquots. The same 
axes scale is applied for 
each proton’s plot with Cl", 
Br", and I".
The search for structurally 
conditioned binding
response differences starts 
from the comparative plots 
of amidic proton “v”, which 
undergoes the greatest ppm 
shift. The titration curves of 
“v” in 14*DB, 14*N and 
14»DN with Cl", Br", and I" 
are demonstrated in Figures 
6-26 to 6-28. The nearly 
identical shape o f the 
binding curves o f 14»N and
187
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Figure 6-28 Chemical shifts of proton “v” in various 
rotaxanes of thread 14 [BF4  I3  with I‘
14»DN with Br’ and F
suggest similar binding
strength for these two
anions. The steeper slope of 
14*N with CF (Figure 6-26) 
reflects the Ka values,
calculated by EQNMR (Ka 
-  2271 ±13 for 14*N; Ka = 
505 ±12 for 14«DN). With
any o f the three anions the resonance position of “v” in 14»N maintains a downfield shift 
of ~ 0.55 ppm from 14»DN, clear indication that “v” continues to experience different 
crown environment in 14«N and 14«DN. The close pattern of 14«DB in all titrations could 
be misleading because of the different concentrations.
The chemical shifts of proton “q” (Figures 6-29 to 6-31) express analogous behaviour to 
the one in the rotaxanes of thread 13. The higher solubility o f 14»N allows the titration
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Figure 6-29 Chemical shifts of proton “q” in various 
rotaxanes o f thread 14 [BFTk with Cl
the addition of 3.2 eqv. 
titrant, which enables some 
differences to be observed. 
Thus 14*N almost reaches 
saturation with CF nearing 
the ppm value o f 14»DN. 
Despite the narrowing of
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Figure 6-30 Chemical shifts of proton “q” in various 
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Figure 6-31 Chemical shifts of proton “q” in various 
rotaxanes o f thread 14 [BF4 _] 3  with I‘
h- C nH
Figure 6-32 Structural representation o f the 
crown aromatics stacking to the 
amide receptor side of 14
the initial ppm difference, 
14»N clearly exhibits far 
more deshielded “q” than 
14»DN. Regardless o f the 
difference in
concentrations, the anion 
interaction in 14»DB with 
respect to 14*N and 14»DN 
is very similar to the one 
observed in 13«DB and its 
equally concentrated
dinaphtho and naphtho 
analogs.
Having dismissed the
possibility of 100% “S ^ C ” 
crown reorientation in all 
three rotaxanes of thread 
14, conformational
assessment should be




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The 3,5-xylidene substituent in 14 (Figure 6-32) provides flat surface that would not 
interfere with the crown ether’s benzo and especially naphtho aromatic rings as much as 
the bulky tert-butyl group in 13. If steric factors dominate the electronic redistribution 
upon strong anion binding, then alteration of the isomer ratio in 14«N towards increase of 
isomer A (Figure 6-33) must be more pronounced than the one already seen in 13»N.
Figure 6-33 Conformational isomerism in rotaxane 14»N
In addition to the set of protons typically analyzed, indications of crown 
stacking/destacking can also be derived from the chemical shifts of protons “u'” and “t”, 
which are unique for each thread.
Like in the rotaxanes of 13, direct anion association to proton “o” is implied by the 
increases in the chemical shifts for 14»DB, 14*N and 14«DN. With either CF, Br' or I', the 
interaction is the strongest for 14«N (Figure 6-34, Figure 6-35, and Figure 6-36). Between 
the symmetrical rotaxanes, 14«DN is more inert when titrated with CF and Br'. Both 












Figure 6-34 Chemical 
shifts of proton “o” in 
various rotaxanes of thread 
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Figure 6-35 Chemical 
shifts o f proton “o” in 
various rotaxanes of thread 


















Figure 6-36 Chemical 
shifts of proton “o” in 
various rotaxanes of thread 
14 [BF4 ]3 with I".
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Figure 6-37 Chemical shifts of proton “h” in various 
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Figure 6-38 Chemical shifts of proton “h” in various 
rotaxanes of thread 14 [BF4 ' ] 3  with Br'
Examination of the 
chemical shifts o f proton 
“h” supports the side-on 
approach of the anion. Its 
titration plots with the three 
halides, presented in Figure 
6-37, Figure 6-38, and 
Figure 6-39, confirm that 
14*N is most likely
experiencing deshielding 
effect from hydrogen
bonding to an anion. The
different concentration of 
14«DB permits only 
qualitative consideration, 
but the strikingly
unchanged titration curve 
of 14#DN strongly infers
the ability of anions to squeeze by the polyether chain to the crown recognition site is 
reversely proportional to the tt-stacking capacity of the macrocycle. In naphtho rotaxanes, 
the presence of just a naphtho ring as an “anchor” to restrict the crown ether, leaves the 
ethereal chain with the most freedom to move thus more vulnerable to competition from
anions.
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Figure 6-39 Chemical shifts of proton “h” in various 
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Figure 6-40 Chemical shifts of proton “p” in various 
rotaxanes of thread 14 [B Ffk with CF
The “U” shaped titration 
curves of proton “p”, 
detected upon titrating with 
CF (Figure 6-40) and to 
some extent with Br' 
(Figure 6-41) are
expressions of the 
perturbation in hydrogen
bonding to the crown’s
oxygens. Any direct
CH"-anion interactions 
cannot be distinguished. 
The higher ppm values of 
14»DN up to 1.0 
equivalents of CF and Br', 
and through the entire 
titration with F (Figure 6- 
42) serve as a proof of the
firmer attraction o f the dinaphtho crown ether to the bis(pyridinium)ethane backbone.
The similarity between the titration curves o f proton “s” in 14»N and 14*DN hampers any 
estimation o f possible conformational changes. The chemical shifts of 14»DN starts at ~ 
0.15 lower ppm value from 14»N and maintain this difference with any of the three halide 
ions (Figure 6-43, Figure 6-44, and Figure 6-45). The initial value of 14»DB is very close
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Figure 6-41 Chemical shifts of proton “p” in various 
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Figure 6-42 Chemical shifts of proton “p” in various 
rotaxanes of thread 14 [BF4  I3 with I"
to the one of 14»N, but the 
titration pattern might be 
slightly different, if  it were 




with 13«DB and 13»DB*.
The chemical shifts o f “t”, 
which is positioned very 
closely to “s”, but not as 
acidic, fail to clarify the 
picture, because of
overlapping with proton 
“j1” o f the naphtho ring. Its 
plots are enclosed as 
supplementary data in 
Appendix 1.
The methyl protons “u'”, characteristic of threads 14 and 15 resonate in the strong 
magnetic region between 1.0 and 2 .0  ppm. Located close to the amide receptor, they 
might feel the presence of the crown aromatics (especially naphtho rings), but their 
aliphatic nature rules out wide ppm shifts. Nevertheless, the trends of their titration 
curves provide qualitative information about stacking not hindered by hydrogen bonding.
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Figure 6-43 Chemical 
shifts of proton “s” in 
various rotaxanes of thread 
14 [BF4"]3 with c r .
eq v . Cl‘
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Figure 6-44 Chemical 
shifts of proton “s” in 
various rotaxanes of thread 
14 [BF4 _] 3  with Br'.









Figure 6-45 Chemical 
shifts of proton “s” in 
various rotaxanes of thread 
14 [BF4 _] 3  with I\
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Figure 6-46 Chemical 
shifts of proton “u'” in 
various rotaxanes o f thread 
14 [BF4']3 with Cl’.
Figure 6-47 Chemical 
shifts of proton “u'” in 
various rotaxanes o f thread 
14 [BF4 ]3 with Br'.
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Figure 6-48 Chemical 
shifts of proton “u'” in 
various rotaxanes of thread 
14 [BF4 ]3 with I".
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In the titrations with Cl', Br‘, and I' (Figure 6-46, Figure 6-47, and Figure 6-48), protons 
“u'” in all three rotaxanes feature small shifts towards stronger magnetic fields. The 
outcome is most pronounced in 14»DB, which might partly be attributed to the higher 
concentration in the experiment. But more important in this case is the initial 
differentiation in the resonances o f protons “u1” among the rotaxanes. It appears that the 
dibenzo crown ether exerts least shielding, followed by the longer dinaphtho one. This 
complies with the larger aromatic area of the naphtho group, but the even greater 
shielding observed with the naphtho crown in 14»N elucidates further the spatial 
orientation of thread 14 in solution. The mobility of the wheel component is directly





Figure 6-49 Alignment of the naphtho crown 
aromatics in 14»N and 14«DN
ability. It is most explicit in the 
dinaphtho case and as a 
consequence protons “u”’ in 
14»DN experience the least 
change in their environment upon 
addition of anions. The naphtho
crown, on the other hand, is least “anchored” to the thread and able to turn aside to and 
cover larger area of the amide function (illustration in Figure 6-49). This increases the 
efficiency of shielding the amide receptor and explains the low initial ppm values.
The flexibility of the crown wheels does not provide a uniform impression on the 
chemical shifts o f “u1”, and prevents quantification of anion induced conformational 
changes. Such are most accurately estimated from the shifts o f protons “e”. Its titration 
plots with halides are presented in Figure 6-50, Figure 6-51, and Figure 6-52.
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Figure 6-50 Chemical 
shifts of proton “e” in 
various rotaxanes of thread 
14 [BF4']3 with Cl\
e "  sh if t
9 .30  
9 .20  
9 .1 0  * 
9 .0 0  
8 .9 0  !
■*— 14* DB
14-N
a. 8 .8 0  - 
8 .7 0
8 .6 0  i
8 .5 0
8 .4 0




Figure 6-51 Chemical 
shifts of proton “e” in 
various rotaxanes o f thread 
14 [BF4"]3 with Br'.
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Figure 6-52 Chemical 
shifts of proton “e” in 
various rotaxanes of thread 
14 [BF4-]3 with I\
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Like in the rotaxanes o f thread 
13, the downfield shifts of “e” in 
14«DB and 14»DN are small 
compared to the distance 
between the two titration curves. 
As seen with 13»DB and 
13«DB*, the higher 
concentration of 14»DB could 
introduce some error in the 
upper limit of the ppm values (at 
the weakest magnetic field), but 
it won’t be significant; certainly 
not in the initial resonance 
position of “e”, when no anions 
have been added yet.
The doublet of “e” in 14»N at 0 
eqv. anion appears closer to the 
resonance value of 14»DN rather 
than that of 14»DB. On the 
stacked *H NMR spectra in 
Figure 6-53 it can be found at 
9.05 ppm. According to
Figure 6-53 Stacked 'H NMR plots of 14*DB,
14»N, and 14*DN. Peaks of protons Equation 6-1 this number 
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corresponds to an isomer ratio of 39% A to 61% B. Upon addition o f chloride the amount 
of rotaxane 14»N with amide-stacking naphtho crown (isomer A) is gradually increased 
to 66% (at 3.2 eqv. Cl ). Table 6-3 shows numerically and graphically how the isomer 
changes with the addition of Cl", Br", and I".
%  isomer A
%A from "e" with various anions
Table 6-3 Influence of anions on 14»N, calculated from proton “e”. The amount of 
isomer A with the addition of Cl", Br", and I" is plotted on a 3-D chart
Given the small uncertainty from the different concentration of 14»DB, the changes in the 
isomer ratio of 14»N with all three halides are too similar to the ones in 13»N for a 
conclusive assessment o f their amide receptors’ steric contribution. The trends of 
facilitating the 7i-stacking to the amide side of the axle upon anion binding are 
proportional to the strength of the association. It seems the larger and weaker 
coordinating iodide is least efficient in “locking” the amide “arm” in plane with the 
pyridinium, therefore it is not affecting the isomer ratio at all.
The shifts of “d” tell no different story (Figure 6-54, Figure 6-55, and Figure 6-56).
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Figure 6-54 Chemical 
shifts of proton “d” in 
various rotaxanes of thread 
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Figure 6-55 Chemical 
shifts of proton “d” in 
various rotaxanes of thread 
14 [BF4']3 with Br‘.
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Figure 6-56 Chemical 
shifts o f proton “d” in 
various rotaxanes of thread 
14 [BF4 ]3 with I'.
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The titration curve of 14»DB with Cl' is a little steeper (Figure 6-54) compared to its 
shape in 13»DB (Figure 6-23) yet this doesn’t change the general picture. The 
percentages of isomers A and B in 14»N derived from the chemical shifts of protons “d” 
are listed in Table 6-4. The calculated results indicate slightly smaller initial amount of 
isomer A, which reaches similar percentages with 3.2 eqv. Cl" and Br' to those, based on 
the shifts of “e”. The change in the titration with I' is negligible.
%  isomer A
%A from "d" with various anions
Table 6-4 Influence o f anions on 14«N, calculated from proton “d”. The amount of 
isomer A with the addition of Cl', Br‘, and I’ is plotted on a 3-D chart
Clearly the structural differences between threads 13 and 14 are subtle and exert minor 
influence in a rotaxane complex. More pronounced effect should be anticipated with 
thread 15, in which the ability for planar alignment is compromised. It will also be 
interesting and important to verify the assumptions of shielding/deshileding from ji- 
stacking for protons “e” and “d” by a comparison to their chemical shifts in a rotaxane 
with 24-crown-8 ether.
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6.2.2.3 Crown Effects in the Rotaxanes o f  15 [BFfk.
Titration data for rotaxanes 15»C, 15»N, and 15*DN represents the chemical shifts of 
0.002 M solutions. The three anions were added as 0.02 M solutions in 10 pi aliquots (0.2 
eqv.). Rotaxane 15«DB was titrated as 0.01 M solution with 0.05 M tetrabutylammonium 
salts in 20 pi aliquots (0.2 eqv.). Comparative shifts for 15»C, 15»DB, 15»N, and 15«DN 
with Cl', Br' and I' are plotted on the same scale.
The significant jump in ppm values for proton “v” in all four rotaxanes with Cl' , 
illustrated in Figure 6-57, obscures the differences in their starting positions. Nonetheless, 
the highest initial ppm value can be assigned to 15«C, where the aromatic-free crown 
ether cannot shield the amide through 7t-stacking. Its titration curve, however, discloses 
perplexingly low ppm values after 0.8 eqv Cl'. The same pattern is repeated with Br' and 
I’ (Figure 6-58 and Figure 6-59). Structural considerations would dictate anion binding to 
be the strongest in 15*C, since the receptor is least hindered, and the amide hydrogen 
chemical shift should always resonate at higher ppm values than any other rotaxane
where 7i-stacking may lead 
to shielding. To better 
evaluate the anion binding 
strength of 15«C, its 
association constants Ka 
were calculated from the 
titration data with Cl', Br', 












o o CO CM CD r̂c\i CMCO
eqv . Cl‘
Figure 6-57 Chemical shifts of proton “v” in various 
rotaxanes of thread 15 [B F /k  with Cl"
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Figure 6-58 Chemical shifts of proton “v” in various 
rotaxanes of thread 15 [BF4 ' ] 3  with Br‘
software program. The
numbers are listed in Table
6-5 along with the
previously presented
association constants of 
15»DB, 15«N, and 15-DN.
It turns out, the amide in 
15«C binds C f as well as 
the other rotaxanes at the 
same concentration (Ka = 
1800 M '1). Its relatively 
lower chemical shifts are in 
fact close to reaching 
saturation. This is best
visualized in the titration 
with bromide, and the 
association constant of 
15*C (Ka = 968 M’1) is 
almost twice as high as the ones o f 15»N, and 15»DN. The large association values
concealed in seemingly modest titration curves may indicate the receptor-substrate
binding may not be in a 1:1 ratio. This is highly possible for 15»C where the amide is
most exposed and such binding mode would explain the more moderate change in



















Figure 6-59 Chemical shifts o f proton “v” in various 
rotaxanes of thread 15 [BF4 ' ] 3  with I'
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15»C 15*DB 15*N 15*DN
Cl* 1800 ±65 422 ±17a 1958 ±90 1774±114
Br 968 ±10 101 ±10a 580 ±31 533 ±30
r 248 ±5 16 ±2a 285 ±17 36 ±5
Table 6-5 Ka constants for 0.002 M rotaxanes of thread 15 with 0.02 M halides in 
CD3 CN. a: Values for the titration o f 0.01 M 15»DB with 0.05 M anions
The experiment requires 
the molar concentration of 
the complex between the 
rotaxane and the anion to 
be determined in a series of 
samples with different 
molar ratio of the 
components. Ten samples 
of 15»C with B 1 1 4 N C I  in 
molar ratio ranging from 0.1 to 1.0 were prepared in C D 3 C N  and the concentration of the 
rotaxane-anion complex was determined by 'H NMR spectroscopy using the formula:
[Complex] =  mmsL x [Host] ? Equation 6-2
^  m a x
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Figure 6-60 Job Plot for the complex of 15«C with Cl"
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where 8 0bserved is the ppm value of the amido proton “v” in each sample; 8 injtiai is the 
resonance position of “v” when no C f has been added; and 8 max is difference between 
S in itia i  and the highest ppm value observed. [Host] is the molar concentration of rotaxane 
15*C in each sample.
The plot unambiguously indicates the highest complex concentration is registered at a
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Figure 6-61 Chemical shifts of proton “q” in various 
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Figure 6-62 Chemical shifts of proton “q” in various 
rotaxanes of thread 15 [BF4 I3  with Br'
1 : 1  stoichiometry of the 
two components.
Explanation for the lower 
than expected chemical 
shift changes of “v” in 
15»C with respect to the 
other rotaxanes should then 
be viewed as parallel 
association to other sites of 
the thread.
Some signs of confirmation 
for this assumption are 
noticed when looking into 
the behaviour o f proton 
“q”. Its chemical shifts with 
Cf, Br', and I' in 15*C are
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Figure 6-63 Chemical shifts of proton “q” in various 
rotaxanes of thread 15 [BF^k with I'
less pronounced than those 
of 15*DB, 15*N, and
15*DN, as seen from Figure 
6-61, Figure 6-62, and 
Figure 6-63. Interestingly, 
the initial position of “q” on 
the ppm scale displays wide 
differences, not seen in the 
rotaxanes of threads 13 and
14. It turns out, the naphtho ring from the dinaphtho crown ether in 15»DN exerts less 
shielding on proton “q” than the benzo ring in 15#DB. While the different concentration 
of 15*DB does not allow that starting position difference to be traced along its curve in 
the titrations with the halides, its existence is a clear proof of worse 7i-stacking from the 
otherwise larger naphtho ring. This is a direct consequence of the greater steric hindrance
between the larger naphtho unit and 
the 2,6-xylidene group. To 
minimize the steric interference, the 
naphtho group is likely to turn 
away from the two methyl groups, 
as visualized in Figure 6-64.
The shifts o f 15»N follow very closely the ones o f 15»C with any halide, which supports 
the expectation of predominant isomer B. The close similarity also presumes strong




Figure 6-64 Shielding effects on proton “q” 
in rotaxanes 15‘DB and 15«DN
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Figure 6-65 Chemical 
shifts of proton “o” in 
various rotaxanes o f thread 
15 [BF4 ] 3  with C1‘.
Figure 6-66 Chemical 
shifts of proton “o” in 
various rotaxanes o f thread 
15 [BF4-]3 with Br".
Figure 6-67 Chemical 
shifts o f proton “o” in 
various rotaxanes of thread 
15 [BF4"]3 with I".
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Since “o” is hydrogen bonded to the ethereal oxygens, its resonance position on the ppm 
scale is relevant to the strength of the hydrogen bonding. As previously seen, this type of 
interaction is facilitated in rotaxanes with less flexible crown ethers. The rotaxanes of 
thread 15 are no exception to this argument. The simultaneous 7t-stacking of the two 
naphtho rings in 15»DN acts as “anchoring” to the thread backbone. The poly ether chains 
attract strongly proton “o” and as a result it resonates at the weakest magnetic field. Its 
titration data with anions shows the weakest response for the same reason. Figure 6 - 6 8  
(left) illustrates the facilitated mode of anion binding to the amide receptor in rotaxanes 
with symmetrical crown ethers (DB and DN). The dibenzo crown ether in 15»DB is more 
weakly attracted to “o” and resonates at stronger magnetic field compared to 15»DN.




Anion binding to the amide receptor
r o ^ ° - /o
Side binding to the crown site
Figure 6-68 Anion binding sites in the rotaxanes of thread 15.
The titration curve o f 15«DB is inaccurate to assess, because o f the higher concentration, 
but its response to anions is better than that of 15»DN. The starting position of “o” in 
15*N is very close to that of 15«DB, but the single naphtho ring is not sufficient to 
restrain the flexible ethereal chain and understandably the titration curve is much steeper. 
The downfield chemical shift is most pronounced in rotaxane 15»C. It reaches similar 
ppm values to 15«N, but starts at a lower position. The slope of its titration curves with 
Cf, Br', and to some extent with I’ denotes definite anion association, as visualized in
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Figure 6-69 Chemical shifts of proton “if” in various 
























eq v . Br*
Figure 6 - 6 8  (right). This 
renders the crown 
recognition site 15»C a 
reasonable anion binding 
site and explains the lower 
shifts of its protons “v” and
“q” -
Investigations into the 
chemical shifts of protons 
“p” and “h” might help to 
verify the side-on binding, 
but unfortunately the two 
peaks overlap.
Having a rotaxane with an 
aromatic free crown ether
could provide valuable
Figure 6-70 Chemical shifts o f proton “u' ” in various
rotaxanes of thread 15 [BF4 ' ] 3  with B f insight i n t 0  the effects of 7t-
stacking on the methyl protons “u1”, which display opposite behaviour in threads 14 and
15. The singlet o f “u”’ in 15«C, 15«DB, 15»N, and 15*DN shifts downfield upon addition 
o f Cf, Br", and T (Figure 6-69, Figure 6-70, and Figure 6-71).
In all three charts “u'” in 15»DB start at higher ppm position probably because of the 
higher concentration. The methyls are most shielded initially in 15*DN, less in 15*N, and 
not shielded in 15»C, but the effects are small. There is evidence o f anion binding coming
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Figure 6-71 Chemical shifts of proton “u' ” in various 
rotaxanes of thread 15 [BF4 ' ] 3  with F
Figure 6-72 CAChe 3-D drawing of an anion, held by 
the amide receptor in the rotaxanes of 15.
"e" shift
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O O O ^ - r - C N C N C v j c O
eqv . Cl'
Figure 6-73 Chemical shifts of proton “e” in various 
rotaxanes of thread 15 [BF4 " ] 3  with CF
from 15»C. Its methyl 
protons shift downfield, 
which cannot be due to 
aromatic rings deshielding 
for obvious reasons. 
Therefore the hydrogens 
“u”’ must be engaging to 
some extent in binding the 
anion, much like in the 3-D 
representation in Figure 6 - 
72. Contributions from 
reduced 7i-stacking, if  any, 
cannot be differentiated.
Apart from the uncertainty 
in the titration curve of 
15»DB, the chemical shifts 
of both 15«DN and 15«N 
reach higher values than 
15«C. This is also attributed 
to the proximity of the 
anion and strength of 
association with protons 
“u"\
211
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The use of rotaxane 15»C as a baseline can be extended to studying the 7i-stacking effects 
on protons “e”. Based on the assumption that “e” are not shielded by dibenzo aromatics 
but shielded by dinaphtho, quantitative assessment of the two possible conformational 
isomers in the naphtho rotaxanes 13»N and 14»N was accomplished. The chemical shifts 
of “e” in 15*C could verify the validity o f this assumption as well as the interpretation of 
the anion impact on the 7i-stacking.
The titration data of 
rotaxanes 15*C, 15«DB,
15»N, and 15«DN with Cf, 
Br', and I", is presented in 
Figure 6-73, Figure 6-74, 
and Figure 6-75. 
Examination of the titration
Figure 6-74 Chemical shifts o f proton “e” in various curves of 15»C confirms 
rotaxanes of thread 15 [B Ffk with Br'
some anion interaction 
occurs with protons “e”, but 
this is consistent through 
the symmetrical rotaxanes 
15»DB and 15*DN, and not 
sufficient to revise the 
conclusions about the









Figure 6-75 Chemical shifts of proton “e” in various 










rotaxanes. However, some 
systematic error is introduced in 
the calculated isomer ratio, as it 
turns out from the chemical 
shifts of 15*C. They appear in 
yet weaker magnetic field 
compared to 15»DB. This 
concludes protons “e” in 15«DB 
are not completely deshielded, 
and the upper limit o f their ppm 
range should determined by the 
resonance position o f “e” in 
15»C. The outcome brings even 
closer the resemblance between 
15»N and 15«DN. In the stacked 
1H NMR spectra, presented in
Figure 6-76, the doublet of “e'
in 15»N appears at 8.60 ppm.
According to Equation 6-1 this
corresponds to an isomer ratio of15-DN
35
9 . 1  9 . 0  8 . 9 8 8 8 . 7 8 . 6 8 . 5 8 . 4 8 . 3
resonance value of “e” in 15«DB
Figure 6-76 Stacked 'H NMR plots of 15«C,
15»N, and 15»DN. Peaks of protons js se{ as an upper limit o f the n- 
“e” are highlighted in green
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stacking range, the same formula returns a ratio of 41% A to 59% B. Addition of anions 
modifies these ratios in a similar manner. Table 6 - 6  shows the influence of halide ions of 
the amount o f isomer A in 15*N, calculated from the shifts of “e” within the limits set by 
15*C and 15»DN. Qualitative assessment o f the data reveals analogous trends to the ones 
already seen in the naphtho rotaxanes of 13 and 14. Chloride causes the greatest increase 
in the amount of isomer A, followed by Br', while treatment with I' results in no change.
% isomer A
%A fro m  " e "  w ith  v a r io u s  a n io n s
eqv. anion
Table 6-6 Influence of anions on the isomerism in 15«N, calculated from “e”. The 
shift in 15«C defines the upper limit o f the ppm range.
The influence o f the amide receptor in 15 is difficult to estimate since the baseline for the 
ppm range is different. It is more accurate to consider the fractions of isomers in 15»N, 
calculated with the assumption that the chemical shifts of “e” in 15»DB define the 
absence of shielding from 7i-stacking. This would allow comparisons to 14»N to be 
performed.
The calculated amount of isomer A in 15«N, based on 15»DB as a shielding limit, and its
214
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
dependence with Cl", Br", and I" is given in Table 6-7. A 3-D chart illustrates the trends 
with each of the halides.
eqv.
an ion
%  isom er A
Cl B r
0 41 42 40
0.2 43 43 41
0.4 45 44 41
0.6 47 45 41
0.8 48 46 41
1 49 47 42
1.2 51 48 42
1.4 52 48 42
1.6 53 49 42
1.8 55 50 42
2 56 51 42
2.2 57 51 42
2.4 58 52 42
2.6 59 52 42
2.8 59 52 42
3 59 52 42
3.2 59 52 42
%A fro m  " e "  w ith  v a r io u s  a n io n s
%A
eqv. anion
Table 6-7 Influence of anions on the isomerism in 15»N, calculated from “e”. The 
shift in 15»DB defines the upper limit of the ppm range.
Close examination of the initial isomer ratio from the data in Table 6-7 and the extent of 
its alteration upon anion treatment, reveals no major difference to the naphtho analog of
thread 14 (Table 6-3).


























Figure 6-77 Chemical shifts of proton “d” in various 
rotaxanes o f thread 15 [B F f^  with Cl"
Regardless of the steric 
hindrance from the 2 ,6 - 
xylidene group, the naphtho 
ring from the crown ether 
shows nearly the same 
preference for 7t-stacking to 
the amide side of the thread
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Figure 6-78 Chemical shifts of proton “d” in various 


















Figure 6-79 Chemical shifts of proton “d” in various 
rotaxanes of thread 15 [BF4~]3 with I'
in both 14»N and 15»N 
(39% A and 41% A 
respectively). Chloride 
seems to increase the
amount of A the most -
6 6 % A in 14»N and 59% A 
in 15*N at 3.2 equivalents. 
Less efficient, but similar is 
the effect of Br', while I' 
causes negligible changes.
Comparisons to the 
conformational changes in 
13-N are not exactly 
accurate, because of
difference in the
concentrations, but the 
results are not drastically 
different.
The chemical shifts of proton “d” present no different picture. Its plots with Cl', Br', and 
I' are shown in Figure 6-77, Figure 6-78, and Figure 6-79. As expected, the titration 
curves o f 15»C and 15»DB are getting closer, meaning protons “d” can hardly feel the 
difference between the dibenzo, and 24-crown-8 ethers. The initial shift difference and 
the trends with anions are sustained. Calculations of the isomer ratio in 15»N, based upon
216
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the limiting shift o f 15*DB, and the increase in the amount o f isomer A in the titrations 
with halide ions, are summarized in Table 6 -8 .
%  isom er A
%A fro m  "d "  w ith  v a r io u s  a n i o n s
Table 6 - 8  Influence of anions on the isomerism in 15*N, calculated from “d”. The 
shift in 15«DB defines the upper limit of the ppm range.
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6.3 Summary and Conclusions
The comparative studies o f a series of rotaxanes, having identical threads and various 
crown ethers served to elucidate the intricate rotaxane behaviour in solution. Based on the 
abundant NMR data, distinct mechanisms for anion interaction approaches were 
confirmed depending on the structure of the interlocked and interpenetrated complexes.
It can be concluded that simple bis(pyridinium)ethane threads associate anions mainly 
through electrostatic attraction and hydrogen bonding to the H-atoms in orf/io-positions 
to the pyridinium nitrogens (Figure 6-80). The ion pairing can be enforced in nonpolar 
solvents and practically eliminated in polar media.
The presence o f an amide group, as is the 
case with our nicotinium amides provides an 
additional hydrogen bonding tool to keep the 
anion in the proximity of the ethane bridged 
N+ atoms. Titration data indicates the anion 
tends to align in plane with the two pyridinium rings, binding simultaneously to protons 
“v”, “o”, and “h” (see Figures 2-22 to 2-25 in Chapter 2). As a consequence, the signals 
for these protons shift downfield. This planar mode of binding for “naked” threads in 
solution is supported by the fact, that the signal for proton “p” remains unaffected.
The binding studies of pseudorotaxanes in Chapter 2 showed anions can efficiently 
compete with 24-membered crown ethers for the ethane recognition site of threads, 
forcing them to “dethread”. This phenomenon can be utilized in the preparation of 
pseudorotaxane molecular switches, controlled by anions (Figure 6-81).
'N -H -
Figure 6-80 Planar binding in threads
T+
218
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ArN
N—H- -
o '  H
H.H ''H
+ 3  '
Figure 6-81 Anion controlled pseudorotaxane formation
In rotaxanes, where dethreading is not a possibility, other interactions with anions come 
into play. Binding occurs at the receptor site, defined by the amide hydrogen (“v”) and 
the H-atom in the 4-position of the nicotinium ring (“q”). The strength of the 
simultaneous bonding to these two hydrogens depends on the size of the anion. Chloride 
was found to be the best substrate in both size and strength o f the binding. Despite the 
confirmed high association values, no conclusive evidence was found o f sufficient
electronic perturbation that 
/  ° ^ r ?    - would force an




Figure 6-82 “S-C” transformation in rotaxanes
with symmetrical crown ethers
conformational change in 
symmetrical crown ethers like 
DB and DN (Figure 6-82).
The steric aspect o f anion 
association was not exploited in 
the direction o f increasing the 
bulk of the anion itself. The 
compact halide ions proved not 
to be a direct steric factor. The
219
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larger Br' and I' caused less impact on the molecular structure in all rotaxanes than Cl'. A 
greater contributor is the amido substituent, but its influence can be downplayed by the 
relative freedom of the crown ether around the axle. A slight turn of the aromatic portion 
o f the crown away from the amide could still allow strong binding to occur at the receptor 
site without major consequences, as represented in Figure 6-83 (right).
Figure 6-83 Alignment of crown aromatic rings along the thread’s axis
Such behaviour explains the chemical shifts of proton “q”, which is equally shielded by 
dibenzo and dinaphtho crowns in 13 and 14, but feels less shielding from the dinaphtho 
crown in 15»DN (see Figures 6-61 to 6-64).
The extent o f H—anion bonding to proton “q” is inversely proportional to the strength of 
the hydrogen bonding between proton “o” and the oxygens from the crown ether. 
Strongly bonded ethereal chains are more resistant to competition from anions. 
Interestingly, the flexibility o f the polyether linkages is related to the ability of the 
aromatic portions to 7i-stack to the electron deficient rings of the thread. In dinaphtho 
rotaxanes, the presence of two dinaphtho rings maximizes the Tt-stacking and imposes 
less freedom of movement for the polyether arms (see Figure 6 -6 8 ). The smaller area for 
Ti-stacking in dibenzo rotaxanes accounts for the reduced attraction to proton “o” and 
increased ethereal chain mobility. On the other end of the scale are the rotaxanes of 24- 
crown- 8  ether, which does not possess 7i-stacking “anchors”.
220
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Naphtho rotaxanes are a class o f their own, because of their unique capabilities as
the orientation of the naphtho ring with respect to the amide or the bipyridine unit of the 
thread (Figure 6-84). These conformational isomers interconvert at room temperature and
Figure 6-84 Conformational isomerism in naphtho rotaxanes
The isomer ratio is affected by the addition o f anions. Curiously, the isomer “A” is 
favoured over isomer “B”. This trend is persistent along all three naphtho rotaxanes and 
the outcome is systematic through the type of anion employed. Chloride alters the ratio 
the most, followed by bromide. Iodide causes no change at all. This variation with the 
anion serves as proof that the effect is not random, and not related to the mere increase in 
the ionic strength of the media. It is attributed to the H- anion bonds formed at the 
receptor site, which restricts the flexibility and rotation of the amide function. The anion
unsymmetrical rotaxanes. They exist in two isomeric forms -  “A” and “B”, defined by
from the chemical shifts of protons “e” and “d” their relative abundance was estimated to
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“locks” the amidic aromatic ring in planar position with the nicotinium unit, and by doing 
so makes it attractive for the naphtho function of the crown ether.
Although this outcome was not anticipated, it can be employed in examples of rotaxanes 
of unsymmetrical threads with unsymmetrical crown ethers that act as molecular “flip 
switches”. The concept is shown by cartoon illustration in Figure 6-85.
Figure 6-85 Cartoon representation o f a molecular flip-switch
The rotational movement of the propeller-type functional group forces the aromatic 
portion o f the wheel away in State 0. Binding an anion in the designed receptor restricts 
the rotation, allowing the wheel to flip and utilize stronger 7i-stacking in State 1.
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Symmetrical crown ethers can be 
further utilized in rotaxanes, 
containing amide functionalized 
threads with two bis(pyridinium)- 
ethane bridges. Anion binding to the 
amide would then be used as a tool 
to push the crown wheel along the 
axle to the neighbouring recognition
Figure 6-86 Anion driven translational motion site> exemplifying a m o i e ^
“shuttle”. Schematic representation of this idea is given in Figure 6 -8 6 . The structural 
aspect of rotaxane shuttling is discussed more thoroughly in Chapter 7.
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6.4 Experimental
General Comments. 24-crown-8 ether was purchased from TCI America and used 
without further purification. 4-/er/-butylbenzyl bromide was purchased from Aldrich and 
used as received. All deuterated solvents were purchased from Cambridge Isotope 
Laboratories and used as received. 'H-NMR spectra were recorded on Bruker Avance 
500 spectrometer. Mass spectroscopy analyses were performed on Micromass LCT - 
Electrospray Ionization Time-of-Flight Mass Spectrometer.
(i) Preparation o f  rotaxane 15*C.
Rotaxane 15»C was prepared following the established general procedure for the 
synthesis of rotaxanes. 12 [BF4 " ] 2  (1.36 g, 2.33 mmol) was dissolved in a mixture of 
CH3 NO2  (75 ml) and H2 O (15 ml). 24-Crown-8 ether (lg , 2.84 mmol) was added to the 
pale brown solution, causing no change o f colour. NaBF4  (0.5 g, 5.5 mmol) and 4-tert- 
butylbenzyl bromide were added and the mixture was stirred at room temperature for 6  
days, followed by heating at 60 °C for 3 days. The mixture was then filtered through a 
Buchner funnel and some brown solid was removed. The filtrate was washed in a 
separatory funnel with distilled water (8x50 ml) until observing clear colourless aqueous 
layer. The solution was then dried with anhydrous M gS04, filtered, and the solvent was 
removed on a rotary evaporator. Pale brown/grey solid was extracted with hot toluene 
(4x75 ml) to remove any residual crown ether. The solid was then dissolved in C H 3 C N  
(30 ml) and the solution was centrifuged for 20 min at 72000 rpm. Some grey deposit 
was removed by decantation and the solvent removed under reduced pressure, but TLC 
chromatography o f the obtained solid indicated the presence o f impurities along the
224
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desired rotaxane. The solid mixture was redissolved in CH3NO 2 (100 ml) and washed 
with water (5x40) ml in a separatory funnel. After drying the organic layer with 
anhydrous M gS0 4 , filtering, and evaporating the solvent, the remaining solid was 
dissolved in hot CH3OH and decolorized with charcoal. Pale brown solid precipitated 
upon cooling. It was collected by vacuum filtration, washed with EtiO  and dried to afford 
15»C [BF4']3(0.5 g, 18%). R f = 0.64 in System 3. ESI-MS: Calculated mass = 1083.5436 
(M+ [BF4']2); detected mass = 1083.5521 (-2.6 ppm). 'H-NM R at 500 MHz:
V— /
15*C in CD3CN











0 9.74 s 1 - b 7.56 d 2 8.36
h 9.31 d 2 6.8 c 7.47 d 2 8.33
P,v 9.23 d 2 Jpr=5.94 s,t 7.21 m 3 -
q 9.12 d 1 8.07 d 5.82 s 2 -
e 9.04 d 2 6.76 U' 5.43 s 4 -
g 8.52 d 2 6.78 crown 3.51 s 32 -
f 8.45 d 2 6.71 u' 2.28 s 6 -
r 8.28 t 1 - u 1.32 s 9 -
(ii) NMR titration experiments.
Sample preparation and titrations were performed according to the general procedure, 
outlined in Chapter 3.3(x). Rotaxane 15»C [BF4 ' ] 3  (0.5 ml, 0.002 M in CD3 CN) was 
titrated with BU4NCI, Bu4NBr, and BU4NI (0.02 M in CD3 CN) in 10 pi aliquots (0.2 eqv. 
anion). Rotaxane 13»DB [BF4 ' ] 3  (0.5 ml, 0.002 M in CD 3CN) was likewise titrated with 
BU4NCI (0.02 M in CD3CN) in 10 pi aliquots (0.2 eqv. anion).
225
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'H-NMR spectrum at 500 MHz was acquired after each addition. Precipitations did not 
occur after total of 3.2 eqv. anions for both rotaxanes.
(iii) Job plot fo r  rotaxane 15*C [BF4 I3  with BU4 NCI.
Stock solutions o f 15«C [BF4 _] 3  (4 ml, 0.004 M) and BU4NCI (4 ml, 0.004 M) were 
prepared in CD3 CN. Different volumes from the two solutions were mixed in NMR tubes 
to give ten samples with mole fractions ranging from 1.0 in rotaxane (0.5 ml, 0.004 M) to 
0.1 in rotaxane (0.05 ml, 0.0004 M). 'H NMR scans were acquired for each of the 
samples. The molar concentration of the rotaxane-anion complex in each complex was 
determined from the observed ppm value of the amido proton and plotted as a function of 
the mole fraction.
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Chapter 7. Towards Molecular Shuttles
7.1 Purpose
The response o f the pseudorotaxanes and rotaxanes, containing amide receptors, to anion 
binding, supports the possible utilization of their structural framework and interactions in 
molecular shuttles, driven by anion recognition. The concept can be applied to 
interlocked compounds employing threads 6, 11, and 12 as linear backbones. The 
minimum structural requirement for an operational molecular shuttle is the presence of a 
second bis(pyridinium)ethane site, as illustrated in Figure 7-1.
Figure 7-1 Schematic representation of an anion driven rotaxane shuttle
In the presented example, the 24-membered crown ether wheel (red) can reside on the 
recognition site next to the nicotinium amide (State 0), or the site neighbouring the 
pyridinium ring with the bulky stoppering group in the 4-position, represented by the 
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by the steric hindrance from the stopper, especially if the wheel has aromatic 
functionalities (i.e. DB24C8, DN24C8). Strong ion-pairing anions, facilitated by binding
recognition site. Exchange with non-coordinating anions ( B F 4 ' ,  PF6 -) in the form of Ag(I) 
salts would reverse the position of the macrocycle to State 0, resulting in a controlled 
molecular shuttle.
The synthetic accomplishment of such a shuttle faces the basic requirements of rotaxane 
formation. The reaction media must be capable of promoting host-guest interactions to 
enable the formation of a pseudorotaxane; and the stoppering group must be reactive 
enough to “cap” the pseudorotaxane without elevating the temperature so that 
dethreading is avoided. The choice of a solvent is further complicated in threads with 
already built-in two wheel sites, as in the example of Figure 7-2.
Figure 7-2 Basic route to [2] + [3]rotaxane shuttles
The scheme represents a basic route to rotaxane shuttles, employing established 
methodology involving N-alkylation of free pyridine bases with a benzylic stopper. The
to the amide hydrogen, would compete with the wheel, forcing it to slide to the second
two crown recognition sites
[2]+[3]rotaxane shuttles
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major disadvantage of using threads with two pre-formed wheel sites is the statistical 
probability of forming a mixture of a [2]rotaxane and an undesired [3]rotaxane, that 
would require their subsequent separation. There is also a very good chance that the 
tetracationic species would exhibit very poor solubility in CH3 CN or CH3NO 2 , used for 
the rotaxane preparation. The stoppering would also exacerbate the solubility issue by 
creating an additional, fifth positive charge.
A much more elegant approach to [2]rotaxane shuttles, that would eliminate the 
formation of [3]rotaxanes altogether, is using a thread with a single crown site, where the 
second site is being formed by the stoppering group. Synthetic routes, employing this 
strategy, are outlined in Figure 7-3. One way of accomplishing this (Method A) is 
reacting the bromoethyl derivatized amide thread (blue) with a pyridine-based stopper 
(green). The N-alkylation of the stopper, ideally at room temperature, would create the 
second crown site on the existing [2]pseudorotaxane. Alternatively, stoppering can be 
achieved by N-alkylation of the free-base thread 6,11, or 12, with bromoethyl derivatized 
stopper (Method B). The difficulties, encountered in the functionalization o f thread 6  (see 
Chapter 2), however, would most likely demand elevated temperatures for such reaction. 
The temperature factor concerns the viability o f Methods C and D as well. They both 
utilize threads, in which the wheel is located on an ethane bridging the pyridinium 
stopper end. Capping the pseudorotaxane complex is possible by reacting bromoethyl 
nicotinamide stopper to the nitrogen base of the thread (Method C); or by alkylating a 
bulky nicotinamide base with crown complexed bromoethyl derivatized thread (Method 
D). Both pathways suffer from the use of low grade nucleophiles.
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Figure 7-3 Selective synthetic routes to [2]rotaxane shuttles
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The nucleophilicity of the dipyridine 
threads, used in routes C and B, is 
decreased by the conjugated positive 
charge. The reactivity o f the
nicotinamide stoppers in Method D is 
limited by the electron-withdrawing
effect of the carboxylic group.
The yields of [2]rotaxane shuttles,
obtained by routes C and D could also
be affected by the lower extent of
pseudorotaxane complexation, if  the 
steric bulk of the stoppering pyridine 
hinders the attraction of the crown
wheel to the ethane site.
The drawbacks of aromatic 
nucleophilic substitution in the
structural assembly of rotaxane shuttles 
are evaded in the alternative synthetic approaches, presented in Figure 7-4. The 
advantage o f Method E is expressed in low temperature conditions of the amidation with 
aromatic amines (green). The preparation o f the thread as the highly reactive acyl 
chloride, however, poses a serious synthetic challenge. Method F uses a synthetically 
completed thread structure as a template for crown precursors which cyclize in a clipping
fashion to yield an interlocked product. This route suffers from the typical reaction
HN
Figure 7-4 Other shuttle approaches
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conditions of the crown ether formation -  the presence of the strong base NaH, which 
may destroy the thread; and the high temperature, which would ruin the supramolecular 
templating. Both methods E and F are not selective and would require separation of 
concomitant [3]rotaxane shuttles.
Considering the disadvantages in reactivity and required conditions, we have decided not 
to pursue methods B to F as synthetic strategies.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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7.2 Synthesis and Results
Following the approach outlined in Figure 7-2, the preparation of threads with two wheel 
sites was attempted using N-(4-ter/-butylphenyl) nicotinamide as an amide receptor. 
Reacting it with excess 1,2-dibromoethane in the absence of other solvents appeared to 
minimize the amount of symmetrically substituted by-product. The target bromoethyl 







Figure 7-5 Synthesis of compound 16
Using 16 [Br'] as a precursor to the threads of Figure 7-2, it was reacted with compound 
(DP)2 Et [BF4 _] 2  according to the scheme in Figure 7-6. No desired product could be 












Figure 7-6 Synthetic attempts towards a thread with two wheel recognition sites
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Only unreacted (DP^Et [BFT^ was isolated, along with traces of products with a 'H 
NMR pattern indicative of elimination. Alternatively, synthetic assembly o f the desired 
structure was attempted by reacting compound DEDE with N-(4-ter/-butylphenyl) 
nicotinamide as a nucleophile. The reaction using the bromoethyl precursor as a bromide 
salt in w-butanol, or as the tetrafluoroborate salt in propionitrile, failed to yield the desired 
thread. After three days o f refluxing the starting DEDE was recovered. The amount of 
elimination by-products was associated with the excessive heat. The inability to dissolve 
the highly charged thread precursors precluded the use of other nicotinamides and 
ultimately decided the abandonment o f this synthetic approach.
Synthesis of threads for the purposes o f Method A from Figure 7-3 was performed by 
reacting compounds 11 and 12 as the [BFT] salts with 1,2-dibromoethane in mixed 
solvent (Figure 7-7). Following a tedious separation process, compound 18 was isolated 
in 34% yield as the alkylation product of thread 12. Similar solubility of the product 17 
with its precursor 11 prevented its isolation in pure form. The two were further used in a 
solid mixture, enriched to 53 molar % in 17.
B r— v








17 (37% by NMR)
18 (34%)
Figure 7-7 Synthesis of the threads 17 and 18
The synthesis o f a molecular shuttle, based on thread 18 was attempted according to the 
scheme in Figure 7-8. The reaction was carried out in a two-layer CH3NO 2 /H 2 O solvent 
mixture. The thread 18, containing a crown ether recognition site, was introduced as a
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[BF4 '] salt. Orange /red colouration upon the addition of two molar excess of DB24C4 
indicated the formation of a pseudorotaxane.
Figure 7-8 Shuttle attempt with 18 using 4-ter/-butylpyridine as a stopper
A six molar excess of NaBF4  salt served to enhance the solubility of the thread in the 
organic layer, and anion exchange the bromide salts formed in the course of the reaction. 
The stoppering 4-tert-butylpyridine was used in two molar excess. The reaction mixture 
was stirred at room temperature for a week, while monitoring with TLC chromatography. 
No coloured spot, typical for rotaxane structures was observed. At that point, more 
DB24C8 was added (total of 5 molar excess) to drive the equilibrium to the 
pseudorotaxane, and the reaction mixture was heated at 54 °C for three more days. 
Product separation identified some unreacted 18 and some stoppered thread 19, but no 
rotaxane.
In an effort to avoid the temperature elevation, which leads to wheel dethreading, a more 
reactive pyridine stopper was prepared according to the scheme in Figure 7-9. The 
potentially better nucleophile 3,5-dimethoxypyridine was synthesized from 3,5-
1) 7 d, RT 6 NaBF4 
2) 3 d, 54°C CH3N 02/H20
19
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Figure 7-9 Synthesis of 3,5-dimethoxypyridine stopper
Using 3,5-dimethoxypyridine stopper in two molar excess and DB24C8 in three molar 
excess, a shuttle synthesis was attempted with thread 18 in CH3 NO2 /H2 O solvent system 
according to the scheme in Figure 7-10. The reaction was monitored by thin layer 
chromatography. Orange coloration substantiated the formation of a pseudorotaxane, but 
no new product was detected after stirring at 0 °C for 5 hours. The reaction mixture was 
then stirred at room temperature for 2 1  days, still failing to produce the desired rotaxane. 
At this point the excess of DB24C8 and 3,5-dimethoxypyridine was increased to a total 
o f six and three molar respectively, and the reaction was carried out at 54 °C for 12 days. 
No rotaxane was produced, only compound 12 was isolated as an elimination by-product.
1) 5 h, 0°C
2) 21 d, RT




Figure 7-10 Shuttle attempt with 18 using 3,5-dimethoxypyridine stopper
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The 3,5-dimethoxypyridine was tried as a stopper in a shuttle attempt with thread 17. In 
order to enhance the leaving of the bromide, the reaction was carried out in the presence 
of Ag(I) salt, as shown in the scheme in Figure 7-11. The thread 17 [BFTk [Br'] (in a 
mixture with thread 11) mixed with DB24C8 was layered in C H 3 N O 2 / H 2 O  with excess 
NaBF4  to anion exchange to [BFTk form. The aqueous layer was removed and the 
stoppering 3,5-dimethoxypyridine and AgOTf were added to the nitromethane solution in 
two molar excess each. The reaction mixture was stirred at room temperature for 25 days 
in the absence of light. Subsequent work-up isolated the unreacted thread along with 
traces o f elimination products; well, short o f successful rotaxane formation.
25 days 2 AgOTf 
RT CH3N 02/H20
unreacted thread + some elimination product 
Figure 7-11 Shuttle attempt with 17 as a thread
A different set of reagents and reaction conditions was applied to thread 17 in a shuttle 
attempt schematically presented in Figure 7-12. DN24C8 was used as a wheel in three 
molar excess. 4-fer/-Butyl pyridine (in three molar excess) was the choice of capping 
group, and the solvent was CH3NO2 . The increased surface area for 71-stacking led to well 
expressed orange/red colour as a result of the established pseudorotaxane equilibrium. 
The reaction was conducted at room temperature for 25 days while being monitored by 
thin layer chromatography. Since no new product was detected, heating at 54 °C for three
237
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
more days was performed. Despite the elevated temperature, no rotaxane could be 
isolated. TLC and *H NMR analysis revealed only pseudorotaxanes originating from the 
starting threads 17 and 11, with some products of elimination.




1) RT, 25 d
2) 60 °C, 3 d CH3 NO2
unreacted thread + some elimination product 
Figure 7-12 Shuttle attempt with 17 and DN24C8
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7.3 Summary and Future Directions
In summary o f the attempted shuttle syntheses, the results confirm the anticipated 
solubility and reactivity concerns. Thread preparation was hampered by the poor 
solubility o f the charged starting materials (see Figure 7-6), requiring even the addition of 
water in some cases (Figure 7-7). The presence of water was an essential in all rotaxane 
preparations, despite its harm on the host-guest interactions.
Capping the pseudorotaxane by nucleophilic substitution of the bromine atom with 
pyridine-base stoppers is competed by side processes such as elimination. Evidence 
suggests that stronger nucleophiles attack the ethylene carbon atom next to the N+ charge 
instead the one with the bromine (Figure 7-10). Temperature is a key factor for the 
outcome, since lower temperature can impede the reactivity o f strong nucleophiles 
(Figure 7-11) or facilitate N-alkylation at the expense of wheel slippage (Figure 7-8). 
Results do not advocate the use of Ag(I) to facilitate the substitution of Br-atom.
In conclusion to the attempted routes to rotaxane shuttles, the future synthetic strategies 
should target the stability and solubility o f the threads, rather than the reactivity of the 
stoppers. A feasible move in this direction would be the structural separation of the 
pyridine rings in the typically used 4,4'-bipyridine, as suggested in Figure 7-13. The 
spacer R can be an alkyl, or an ethereal group.
pyridines, separated with a spacer
Figure 7-13 Separating the pyridine rings in 4,4'-bipyridine with a spacer
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The effect of its presence can be manifested in better overall solubility. More 
importantly, the separation o f a pyridinium from pyridine ring will retain the 
nucleophilicity of the latter, enabling the pursuit o f shuttle routes like Method B and C of 
Figure 7-3. Likewise, the charge separation between two pyridiniums (Figure 7-13, right) 
will increase the stability of bromoethyl derivatized threads, increasing their stability in 
the capping step.
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7.4 Experimental
General Comments. Unless otherwise specified, all reagents were purchased from 
Sigma-Aldrich and used as received. All deuterated solvents were purchased from 
Cambridge Isotope Laboratories and used as received. 'H-NMR spectra were recorded on 
Bruker Avance 500 and 300 instruments
(i) Preparation o f  3,5-dimethoxypyridine.
3,5-Dimethoxypyridine was prepared according to existing literature procedure74. To a 
250 ml flask, containing 3,5-dichloropyridine (5 g, 33.8 mmol) under N 2  atmosphere, was 
added dry DMF (100 ml). The solution was heated to about 80 °C and sodium methoxide 
(15 g, 0.28 mol) was added while purging with N2. After stirring at 80 °C for 20 h the 
dense yellow mixture was poured over H20  (500 ml) forming a reddish/brown solution. It 
was extracted with Et20  (6x120 ml) until the aqueous layer became colourless. The 
combined ethereal extracts were dried with anhydrous MgSCL, and the solvent was 
removed under vacuum. The remaining brown oil was subjected to dry silica column 
purification using Et20  : petroleum ether (3:1) eluent system. The fractions, containing a 
product with R f = 0.40 were combined, and evaporated under vacuum to give the 3,5- 
dimethoxypyridine (1.76 g, 38%) as yellow liquid. R f = 0.40 in Et20  : petroleum ether 
(3:1). 'H-NMR spectrum at 500 MHz is consistent with the reported data:
3,5-dimethoxypyridine in CD3CN




a 7.88 d 2 2.59
b 6.80 t 1 -
c 3.79 s 6 -
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(ii) Preparation of  17.
11 [BF4 _] 2  (2 g, 3.4 mmol) and 1,2-dibromoethane (20 ml, 0.23 mol) were dissolved in 
CH3 CN (100 ml) and H2 O (35 ml), forming a pale yellow, almost clear solution. It was 
refluxed for 3 days, resulting in denser brown mixture. After cooling to room temperature 
the reaction content was filtered through a Buchner funnel to collect a yellow solid, 
which was washed with 'PrOH. The solid, containing approximately 70 molar % 
unreacted 11 [BFffe (by TLC and !H NMR) was redissolved in H2 O and precipitated 
with 'PrOH. After cooling for 1 h in the refrigerator the yellow/green solid was collected 
by vacuum filtration and washed with 'PrOH. *H NMR analysis revealed a mixture with 
60 molar % unreacted 11 [B Ff^. The separation procedure with H2 O/ 'PrOH was 
repeated, affording a yellow solid mixture (1.6 g), enriched to 53 molar % with 17, 
presumably as mixed anion salt [B Ffk [Br‘] (0.96 g, 37% by 'H  NMR). R f = 0.23 in 
System 3. 1 H-NMR at 500 MHz:
HN
r P
17 [BF4-]2 [Br] inD 20











0 9.49 s 1 r 8.34 t 1 -
P 9.24 d 1 6.79 s 7.20 s 2 -
h 9.17 d 2 6.56 t 7.00 s 1 -
q 9.09 d 1 7.41 i,i' 5.52 s 4 -
e 8.96 d 2 6.57 j 5.16 t 2 -
g 8.66 d 2 6.8 j ' 4.05 t 2 -
f 8.39 d 2 6.07 u' 2.29 s 6 -
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(iii) Preparation of  18.
1 2  [BF4 " ] 2  (1.65 g, 2.82 mmol) and 1 ,2 -dibromoethane ( 2 0  ml, 0.23 mol) were dissolved 
in a mixture of CH 3CN (100 ml) and H 2O (25 ml). The resulting greeny mixture was 
refluxed for 3 days and then filtered hot through a preheated Buchner funnel to remove 
some brown solid of polymeric nature. The filtrate was evaporated on a rotary evaporator 
and the remaining green oil was precipitated with ‘PrOH. The solid, containing 
approximately 50% unreacted 12 [BF4 ' ] 2 (by TLC and !H NMR) was redissolved in H20  
and precipitated with ‘PrOH. After cooling for 2 h in the refrigerator the greeny solid was 
collected by vacuum filtration, washed with ‘PrOH, and dried to afford 18, presumably as 




18 [BF4 I3 in CD3CN at 300 MHz 18 IBF4-]2 [B r] in D20  at 500 MHz












0 9.40 s 1 - 0 9.38 s 1 -
q 9.09 d 1 8.15 h,p,q,e 9.15-9.10 dd 6 -
h 9.05 d 2 7.04 g 8.58 d 2 6.83
e 9.00 d 2 7.01 f 8.52 d 2 6.82
P 8.93 d 1 6.19 r 8.31 t 1 -
V 8.90 s 1 - s,t 7.18 m 3 -
g 8.55 d 2 6.97 U ‘ 5.44 s 4 -
f 8.51 d 2 6.93 j 5.08 t 2 -
r 8.31 t 1 - j ’ 3.96 t 2 -
s,t 7.27-7.18 m 3 - u’ 2.12 s 6 -
i,i' 5.29 s 4 -
j 5.07 t 2 -
j' 4.03 t 2 -
u' 2.28 s 6 -
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(iv) Attempted shuttle preparation with 18.
a) 18 [BF4 _] 2  [Br'] (0.5 g, 0.65 mmol) was dissolved in a mixture o f CH3NO2  (40 ml) 
and H2 O ( 8  ml), giving a pale brown solution, which turned orange/red upon the addition 
o f dibenzo-24-crown-8 (0.6 g, 1.33 mmol). After the addition of 4-terf-butylpyridine (0.2 
ml, 1.35 mmol) and NaBF4  (0.43 g, 3.92 mmol) the mixture was stirred at room 
temperature for 7 days. TLC chromatography in System 3 indicated only a slight increase 
o f a product with R f = 0.43 (same as compound 12) and no coloured products. More 
dibenzo-24-crown-8 (1 g, 2.23 mmol) was added and the reaction mixture was heated at 
54 °C for 3 days. With no identified product from TLC, the reaction content was 
transferred to a separation funnel, CH3 NO2  (100 ml) was added and the aqueous layer 
was removed. The CH3NO2  layer was washed with H2 O (3x 25 ml) at which point its 
colour became paler. After drying with anhydrous MgSC>4 and filtering, the solvent was 
removed on a rotary evaporator. 'H NMR analysis of the remaining solid suggested the 
presence o f a very small amount of the desired rotaxane structure. The solid was 
redissolved in a minimum amount of CH3 CN and centrifuged at 72000 rpm for 25 min. 
Grey solid was collected by decantation -  crude compound 19. The filtrate was 
concentrated under vacuum and subjected to a preparative silica TLC separation with 
System 3 as eluent. Despite the poor separation bands with Rf = 0.4-0 . 8  were scraped and 
extracted with hot CH3 CN (5x50 ml). After removing the solvent on a rotary evaporator, 
an ]H NMR sample analysis revealed a mixture of “naked” thread-like structures, mostly 
the unreacted 18, and no crown ether peaks.
b) 18 [BF4 _] 2  [Br'] (0.4 g, 0.61 mmol) was dispersed in C H 3 N O 2  (50 ml), forming a 
dense pale yellow mixture. The colour darkened to orange upon the addition o f dibenzo-
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24-crown-8 ether (0.82 g, 1.83 mmol). NaBF4  (0.4 g, 3.64 mmol) was added and the 
reaction mixture was cooled in an ice bath, regaining some of its former yellow 
appearance. After adding the 3,5-dimethoxypyridine stopper (0.17 g, 1.22 mmol) the 
mixture was stirred at 0 °C for 5 h. No rotaxane product was detected by TLC 
chromatography in System 3. H2 O (10 ml) was added, forming two clear layers, the 
lower being the orange one. After 21 days of stirring at room temperature TLC indicated 
a yellow spot with Rf = 0.36 to be the major product. A sample was precipitated with 
CHCI3 . 'f l  NMR analysis of the compounds, separated from the precipitate and the 
filtrate, proved to be unreacted thread and DB24C8 respectively. At this point more 
DB24C8 (0.82 g, 1.83 mmol) and 3,5-dimethoxypyridine (0.09 g, 0.6 mmol) were added, 
and the solution was heated for 12 days at 54 °C. The work-up followed the general 
procedure for rotaxane separation. The aqueous layer was removed in a separation funnel 
and the nitromethane layer was washed with H2 O (6x20 ml). . After drying with 
anhydrous MgSCL and filtering, the solvent was removed on a rotary evaporator. The 
remaining reddish solid was extracted with hot toluene (3x50 ml) to remove the 
unreacted crown ether and the stopper. What was left was a yellow powder, proved by *H 
NMR spectroscopy to be compound 12 [BF4']2.
(v) Preparation o f  19.
The stoppered thread 19 was isolated as a side product in the above attempted shuttle 
synthesis (see iv a). It settled from the CH3 CN solution in the centrifuging process. It was 
collected by decantation and recystallized from hot H2 O. After cooling the precipitate 
was vacuum filtered and dried to give 19 [BFT^ (0.12 g, 20%). R f = 0.14 in System 3. 
1 H-NMR at 300 MHz:
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HN
r P












0 9.72 s 1 - r 8.30 dd 1
Jrp=6.15 
Jrq=8.10
V 9.34 s 1 - b 8.12 d 2 7.05
h 9.16 d 2 6.95 s,t 7.27-7.18 m 3 -
q 9.09 d 1 8.21 i 5.41 t 2 -
e 8.97 d 2 6.97 i’ 5.28 t 2 -
P 8.91 d 1 6.19 j 5.20 t 2 -
a 8.63 d 2 7.08 J" 5.11 t 2 -
g»f t 4
Jgh=7.19
Jfe=7.18 u’ 2.30 s 6 -
u 1.43 s 9 -
(vi) Attempted shuttle preparation with 17.
A sample, containing 17 [BF4 ]2 [Br'] (0.4 g, 0.52 mmol) and 11 [BF4 ' ] 2  (0.27 g, 0.46 
mmol) was dissolved in CH3NO 2  (100 ml), giving a yellow mixture. No distinct orange 
colour was achieved upon the addition of DB24C8 (0.5 g, 1.11 mmol). The addition of 
H2 O ( 6  ml) resulted in clear yellow solution. NaBF4  (0.4 g, 3.64 mmol) was added and 
the solution was stirred at room temperature for 30 min. The remaining undissolved 
NaBF4  was then vacuum filtered, and the aqueous layer was separated in a separatory 
funnel. The nitromethane layer was placed in 250 ml Ehrlenmayer flask, wrapped in 
aluminium foil. 3,5-Dimethoxypyridine (0.15 g, 1.08 mmol) and AgOTf (0.3 g, 1.18 
mmol) were added and the solution was stirred for 25 days at room temperature in the 
absence of light. Tiny amount of brown solid was removed by vacuum filtration. The 
filtrate was washed multiple times with H20  to remove the silver containing products
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(until colourless washings). The yellow nitromethane layer was then dried with 
anhydrous MgSC>4 , filtered, and the solvent was removed on a rotary evaporator. The 
remaining reddish solid was extracted with hot toluene (5x75 ml), becoming pale 
yellow/green. 'H NMR analysis of the solid revealed unreacted 17 with some elimination 
products.
(vii) Attempted shuttle preparation with 17 and DN24C8.
A sample, containing 17 [BFfk [Br] (0.6 g, 0.78 mmol) and 11 [B Ffk (0.4 g, 0.69 
mmol) was dissolved in CH3NO2  (150 ml) and H2 O (30 ml). DN24C8 (1.3 g, 2.4 mmol) 
and NaBF4  (0.4 g, 3.64 mmol) were added, resulting in a cloudy colourless aqueous 
layer, and a clear, almost red nitromethane one. After stirring for 30 min at room 
temperature the aqueous layer was removed in a separation funnel. The nitromethane 
layer was concentrated under vacuum to approximately 75 ml after drying with 
anhydrous MgSC>4 and filtering. 4-tert-Butylpyridine was added and the solution was 
stirred at room temperature for 25 days. TLC analysis in System 3 did not indicate any 
new product. Same result was returned after 3 days of heating at 60 °C, with a slight 
increase in the amount o f compound 11 (Rf ~ 0.50). The reaction content was transferred 
to a separatory funnel and washed well with H2 O (6x30 ml). The nitromethane solution 
was dried with anhydrous MgS0 4 , filtered, and the solvent was removed on a rotary 
evaporator. Brown gooey material remained, and it was extracted with hot toluene (6x75 
ml) to remove the unreacted DN24C8 and 4-tert-butylpyridine. The remaining brown 
solid was redissolved in CH3NO 2  (150 ml) and washed with H2 O (5x40 ml). After drying 
with anhydrous MgS0 4 , filtering, and evaporating the solvent on a rotary evaporator, a 
sample of the remaining brown solid was analyzed by 'H NMR spectroscopy. Peaks,
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indicative o f pseudorotaxane structures involving DN24C8 and the starting threads were 
recognized, however, no peaks for the tert-butyl groups of the stopper were registered, 
precluding the formation of a rotaxane shuttle.
(viii) Preparation o f  16.
N-(4-fer/-Butylphenyl) nicotinamide (2 g, 7.86 mmol), prepared as described in Chapter 
2.3 (x), was dispersed in 1,2-dibromoethane (20 ml, 23.2 mmol). The mixture was gently 
brought to a reflux, resulting in a clear yellow solution, from which yellow solid 
gradually started to deposit. After three days of gentle refluxing the mixture was cooled 
to a room temperature and filtered through a Buchner funnel. White solid was collected, 
washed with diethyl ether, and dried to yield 16 [Br'] (2.9 g, 83%). Rf = 0.80 in System
3. 'H-NMR at 500 MHz:
16 [Br-] in CD3CN
multi- # J
















(ix) Attempted reaction o f  16 with (DP^Et.
*75
Compound (DP^Et was prepared from literature methods . 16 [Br'] (0.75 g, 1.7 mmol) 
and (DP)2 E t [BFT^ were dissolved in nitrobenzene ( 1 0 0  ml) or propionitrile ( 1 0 0  ml),
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forming a beige or greeny mixture respectively. After 3 days of heating at 100 °C in the 
case of nitrobenzene (almost black mixture); or refluxing the propionitrile (dense beige 
mixture), the reaction contents were vacuum filtered hot through a preheated Buchner 
funnel. !H NMR spectroscopy proved the solids collected in both cases were indeed 
unreacted (DP)2Et [BF4 ]2. The filtrates were precipitated with diethyl ether. The 
precipitates were collected by vacuum filtration, washed well with CH3 CN and then with 
Et2 0 . 'f l  NMR and TLC analysis identified exclusively unreacted (DP)2Et [BF4 ] 2  in 
both cases and no desired product.
(x) Attempted reaction o/N-(4-tert-butylphenyl) nicotinamide with DEDE. 
N-(4-/erf-butylphenyl) nicotinamide prepared as described in Chapter 2.3 (x). 
Compound DEDE was prepared according to literature procedure76.
a) N-(4-ferf-butylphenyl) nicotinamide (0.5 g, 1.96 mmol), was mixed with DEDE 
[B Ffb (0.56 g, 0.79 mmol) in "PrCN (100 ml), giving a greeny mixture, which turned 
brown upon refluxing. After 3 days of refluxing the reaction mixture was cooled to room 
temperature and vacuum filtered. *H NMR spectroscopy identified the solid as unreacted 
DEDE [BF4 ]3. TLC analysis of filtrate revealed no desired product either.
b) N-(4-/ert-butylphenyl) nicotinamide (0.4 g, 1.57 mmol) and DEDE [Br']3 (0.9 
g, 1.3 mmol) were dissolved in "BuOH (100 ml). The resulting dense pale yellow mixture 
was refluxed for 3 days and the reaction was monitored by thin layer chromatography in 
System 3. No new product could be observed. The reaction mixture was then filtered hot 
through a preheated Buchner funnel and the collected yellow solid was washed well with 
Et2 0 . A sample was analyzed by 1H NMR spectroscopy to confirm only unreacted 
DEDE [Br ]3.
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